REPORT  DOCUMENTATION  PAGE 

Form  Approved 

0MB  No.  0704-0188 

Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and  maintaining  the 
data  needed,  and  completing  and  reviewing  this  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggestions  for  reducing 
this  burden  to  Department  of  Defense,  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports  (0704-0188),  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA  22202- 
4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a  collection  of  information  if  it  does  not  display  a  currently 
valid  0MB  control  number.  PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 

1 .  REPORT  DATE  (DD-MM-YYYY)  2.  REPORT  TYPE 

2014  Open  Literature  -  book  chapter 

3.  DATES  COVERED  (From  -  To) 

4.  TITLE  AND  SUBTITLE 

Prevention  and  treatment  of  botulism 

5a.  CONTRACT  NUMBER 

5b.  GRANT  NUMBER 

5c.  PROGRAM  ELEMENT  NUMBER 

6.  AUTHOR(S) 

Adler,  M.,  Gul,  N.,  Eitzen,  E.,  Oyler,  G.,  Modes,  B. 

5d.  PROJECT  NUMBER 

5e.  TASK  NUMBER 

5f.  WORK  UNIT  NUMBER 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

US  Army  Medical  Research  Institute  of  Aberdeen  Proving  Ground,  MD 

Chemical  Defense  2101 0-5400 

ATTN:  MCMR-CDR-I 

3100  Ricketts  Point  Road 

8.  PERFORMING  ORGANIZATION  REPORT 
NUMBER 

USAMRICD-P 12-002 

9.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

Defense  Threat  Reduction  Agency 

8725  John  J.  Kingman  Road  STOP  6201 

Fort  Belvoir,  VA  22060-6201 

10.  SPONSOR/MONITOR’S  ACRONYM(S) 

11.  SPONSOR/MONITOR’S  REPORT 
NUMBER(S) 

12.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 


Approved  for  public  release;  distribution  unlimited 


13.  SUPPLEMENTARY  NOTES  This  research  was  supported  by  the  Defense  Threat  Reduction  Agency  -  Joint  Science  and  Technology  Office, 
Medical  S&T  Division.  Published:  Molecular  Aspects  of  Botulinum  Neurotoxin  (ed.  KA  Foster).  Vol.  4.  In  Current  Topics  in 
Neurotoxicity.  New  York:  Springer,  pp.  291-342,  2014. 

14.  ABSTRACT 

See  reprint. 


15.  SUBJECT  TERMS 

Antitoxin,  Bioterrorism,  Botulinum  neurotoxin.  Botulism,  Metalloprotease  inhibitors.  Vaccine 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION 

OF  ABSTRACT 

18.  NUMBER 
OF  PAGES 

19a.  NAME  OF  RESPONSIBLE  PERSON 

Michael  Adler 

a.  REPORT 

UNCLASSIFIED 

b.  ABSTRACT 

UNCLASSIFIED 

c.  THIS  PAGE 

UNCLASSIFIED 

UNLIMITED 

54 

19b.  TELEPHONE  NUMBER  (include  area 
code) 

410-436-1913 

Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std.  Z39.18 


fSlIspSI 


Wm  . 


;'--vt?.'  r  - 


■;‘  : 


Keith  A.  Foster 
Editor 


Molecular  Aspects 
of  Botulinum  Neurotoxin 


Volume  4 


^  Springer 


Editor 

Keith  A.  Foster 
Syntaxin  Ltd. 

Units  4-10  The  Quadrant 

Barton  Lane 

Abingdon 

Oxfordshire 

0X14  3YS 

United  Kingdom 


ISBN  978-1-4614-9453-9  ISBN  978-1-4614-9454-6  (eBook) 

DOI  10.1007/978-1-4614-9454-6 

Springer  New  York  Heidelberg  Dordrecht  London 

Library  of  Congress  Control  Number:  2014930901 

©  Springer  New  York  2014 

This  work  is  subject  to  copyright.  All  rights  are  reserved  by  the  Publisher,  whether  the  whole  or  part 
of  the  material  is  concerned,  specifically  the  rights  of  translation,  reprinting,  reuse  of  illustrations, 
recitation,  broadcasting,  reproduction  on  microfilms  or  in  any  other  physical  way,  and  transmission  or 
information  storage  and  retrieval,  electronic  adaptation,  computer  software,  or  by  similar  or  dissimilar 
methodology  now  known  or  hereafter  developed.  Exempted  from  this  legal  reservation  are  brief  excerpts 
in  connection  with  reviews  or  scholarly  analysis  or  material  supplied  specifically  for  the  purpose  of 
being  entered  and  executed  on  a  computer  system,  for  exclusive  use  by  the  purchaser  of  the  work. 
Duplication  of  this  publication  or  parts  thereof  is  permitted  only  under  the  provisions  of  the  Copyright 
Law  of  the  Publisher’s  location,  in  its  current  version,  and  permission  for  use  must  always  be  obtained 
from  Springer.  Permissions  for  use  may  be  obtained  through  RightsLink  at  the  Copyright  Clearance 
Center.  Violations  are  liable  to  prosecution  under  the  respective  Copyright  Law. 

The  use  of  general  descriptive  names,  registered  names,  trademarks,  service  marks,  etc.  in  this  publication 
does  not  imply,  even  in  the  absence  of  a  specific  statement,  that  such  names  are  exempt  from  the  relevant 
protective  laws  and  regulations  and  therefore  free  for  general  use. 

While  the  advice  and  information  in  this  book  are  believed  to  be  true  and  accurate  at  the  date  of 
publication,  neither  the  authors  nor  the  editors  nor  the  publisher  can  accept  any  legal  responsibility  for 
any  errors  or  omissions  that  may  be  made.  The  publisher  makes  no  warranty,  express  or  implied,  with 
respect  to  the  material  contained  herein. 


Printed  on  acid-free  paper 

Springer  is  part  of  Springer  Science+Business  Media  (www.springer.com) 


Chapter  13 

Prevention  and  Treatment  of  Botulism 


Michael  Adler,  Nizamettin  Gul,  Edward  Eitzen, 
George  Oyler  and  Brian  Molles 


Abstract  Concerns  regarding  botulinum  neurotoxins  (BoNTs)  as  biowarfare  and 
bioterrorist  agents  have  generated  interest  in  developing  medical  countermeasures 
for  protection  against  the  neurotoxins.  Efforts  have  focused  on  improvements  in  the 
available  vaccines  and  antisera  and  de  novo  discovery  of  pharmacological  inhibi¬ 
tors  of  toxin  action.  This  chapter  reviews  the  various  approaches  taken  to  develop 
next-generation  vaccines,  antitoxins  and  pharmacological  treatments  against  intoxi¬ 
cation  by  the  BoNTs.  The  historical  progression,  current  status  and  future  trends  are 
described. 

Keywords  Antitoxin  *  Bioterrorism  *  Botulinum  neurotoxin  •  Botulism  *  Metalloprotease 
inhibitors  •  Vaccine 


13.1  Introduction 

13.1.1  Background 

The  botulinum  neurotoxins  (BoNTs)  are  the  most  potent  substances  in  nature,  and 
exposure  to  as  little  as  1-3  ng/kg  may  be  sufficient  to  cause  human  lethality  [26, 73, 
104,  113,  146,  154,  162,  196].  The  toxicity  of  the  BoNTs  stems  from  their  potent 
and  selective  inhibition  of  acetylcholine  (ACh)  release  at  the  neuromuscular  junc¬ 
tion,  autonomic  ganglia  and  structures  innervated  by  the  parasympathetic  branch 
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of  the  autonomic  nervous  system  [19,  44,  46,  83,  86,  126,  159].  Paradoxically,  this 
selective  inhibition  of  ACh  release  has  also  enabled  BoNT/A  to  become  a  highly 
useful  therapeutic  agent  [22,  41,  43,  59,  140]. 

Since  its  approval  in  1989  as  an  orphan  drug  for  the  treatment  of  strabismus, 
hemifacial  spasm  and  blepharospasm,  BoNT/A  has  come  to  be  regarded  as  the  treat¬ 
ment  of  choice  for  an  increasing  number  of  neurologic,  autonomic  and  cosmetic 
conditions  [43,  55,  82,  85,  222,  264].  The  ability  of  BoNT  to  serve  in  this  role  is 
based  on  its  exquisite  selectivity  for  cholinergic  nerve  terminals,  its  long  duration 
of  action  and  its  ability  to  remain  localized  near  the  intended  target  when  injected  at 
low  concentrations  and  volumes  [139,  153]. 

Although  we  have  learned  to  harness  the  therapeutic  benefits  of  BoNT  in  ways 
that  were  not  even  imagined  when  the  neurotoxin  was  first  approved  as  an  orphan 
drug,  we  should  not  lose  sight  of  the  fact  that  BoNT  is  inherently  a  highly  lethal 
toxin,  that  outbreaks  of  botulism  with  devastating  consequences  continue  to  occur 
[73,  76,  198,  277]  (Chap.  12  of  this  volume)  and  that  recovery  from  botulism  can 
require  months  of  intensive  care  and  rehabilitation,  often  leaving  patients  with 
long-lasting  physical  and  psychological  trauma  [68,  69,  132,  150,  151,  266].  Af¬ 
ter  severe  intoxication  by  BoNT,  restoration  of  normal  muscle  function,  exercise 
tolerance  and  cardiovascular  fitness  have  been  reported  to  take  nearly  a  year  for 
BoNT/F  [239],  more  than  2  years  for  BoNT/B  [266],  and  greater  than  5  years  for 
BoNT/A[151]. 


13.1,2  BoNT  as  a  Bioterrorist  Weapon 

In  addition  to  natural  outbreaks,  the  potential  use  of  BoNT  by  hostile  nations  or 
terrorist  groups  has  beenagrowing  concern  [26,  29,  101,  116,  162,  191,  196,  198, 
2 1 9,  263],  The  ability  of  BoNT  to  cause  mass  casualties  has  led  to  its  designation  as 
a  Tier  1  select  toxin  by  the  US  Department  of  Health  and  Human  Services  (HHS), 
the  only  noninfectious  agent  to  receive  this  designation  (http://www.selectagents. 
gov/Select%20Agents%20and%20Toxins%20List.html).  The  threat  of  battlefield 
deployment  of  BoNT  has  diminished  somewhat  following  the  dissolution  of  the 
Soviet  Union  in  1991  and  the  regime  change  in  Iraq  in  2003.  However,  use  by  ter¬ 
rorists  has  become  an  increasing  concern  due  to  widespread  availability  of  BoNT 
from  both  legitimate  and  illegitimate  sources,  coupled  with  ease  of  concealment 
and  inherent  vulnerabilities  of  our  modem  food  and  beverage  distribution  systems 
[265].  These  factors,  in  conjunction  with  a  rise  of  religious  fundamentalism  and 
proliferation  of  failed  nations  and  those  that  support  or  sponsor  terrorism,  make  an 
attack  by  BoNT  more  probable  than  in  previous  generations  [21,  191,  196]. 

A  bioterrorist  attack  with  BoNT  is  likely  to  involve  aerosol  delivery  or  deliberate 
contamination  of  food,  beverage  or  animal  feed  [1,  21, 26,  162,  263].  The  pattern  of 
botulism  following  a  terrorist  attack  would  be  expected  to  resemble  that  observed 
after  a  natural  outbreak,  except  the  former  may  involve  a  larger  number  of  casual¬ 
ties,  originate  at  multiple  locations  and,  in  the  case  of  aerosol  exposure,  lack  an 
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easily  identifiable  source  [1,  26,  101].  As  with  naturally  occurring  outbreaks,  signs 
and  symptoms  following  a  terrorist  strike  by  BoNT  would  consist  of  cranial  nerve 
palsies,  followed  by  symmetrical  descending  muscle  weakness  and  respiratory  col¬ 
lapse  [73,  191,  196,  238].  BoNTs  are  less  potent  by  inhalation  than  by  injection 
and  least  potent  by  ingestion  [26,  162].  The  lower  potency  by  the  latter  routes  may 
be  related  to  the  need  for  BoNT  to  undergo  transcytosis  across  airway  or  intestinal 
epithelial  cells  prior  to  entering  the  general  circulation,  whereas  injection  provides 
direct  access  to  the  bloodstream  [18].  Moreover,  ingested  toxin  must  also  over¬ 
come  the  hostile  environment  of  the  gastrointestinal  (Gl)  tract  (low  pH  and  pro¬ 
teolytic  enzymes),  a  process  which  is  aided  by  association  with  a  specific  nontoxic 
non-hemagglutinin  accessory  protein.  This  protein  is  co-secreted  by  Clostridium 
hotulinum  and  is  able  to  shield  the  neurotoxin  by  providing  it  with  complementary 
binding  surfaces  [107]. 


13.L3  Medical  Management  of  BoNT  Intoxication 

Treatment  options  for  BoNT  intoxication  have  changed  little  in  principle  over  the 
past  40  years,  although  the  therapies,  guidelines  and  doctrines  have  undergone  pe¬ 
riodic  refinement.  Medical  countermeasures  consist  of  timely  administration  of  an¬ 
titoxin  for  those  individuals  exhibiting  clear  signs  of  exposure  and  treatment  in  an 
intensive  care  facility  until  patients  can  be  discharged  to  lower  levels  of  care  such 
as  to  a  rehabilitation  unit  [196].  Patients  exhibiting  respiratory  collapse  would  also 
require  mechanical  ventilation  in  addition  to  the  above  measures,  sometimes  for 
extensive  periods  [34,  65,  238,  249  ]. 

In  addition  to  these  measures,  vaccination  with  pentavalent  botulinum  tox¬ 
oid  (PBT)  vaccine  was  recommended,  until  recently,  for  individuals  in  high-risk 
groups.  Since  development  of  active  immunity  to  BoNT  is  relatively  slow,  vac¬ 
cination  would  have  to  be  initiated  well  before  an  outbreak  and  would  be  of  no 
benefit  after  an  exposure  to  BoNT  [94,  202,  221].  On  30  November  2011,  PBT 
was  withdrawn  by  the  US  Centers  for  Disease  Control  and  Prevention  (CDC)  due 
to  problems  with  reactogenicity  and  declining  immunogenicity;  new  recombinant 
vaccines  are  under  development  but  not  yet  licensed  by  the  US  Food  and  Drug  Ad¬ 
ministration  (FDA)  (http://www.cdc.gov/mmwr/preview/mmwrhtml/mm6042a3 . 
htm?s_cid=;mm6042a3_x).  BoNT  vaccines  are  discussed  in  detail  in  Sect.  13.2.1. 

It  is  generally  agreed  that  a  large-scale  bioterrorist  attack  would  overwhelm  our 
intensive  care  facilities,  and  vaccination  is  not  considered  to  be  practical  for  ci¬ 
vilians  since  vaccinated  individuals  would  be  precluded  from  benefiting  from  the 
medical  uses  of  BoNT  [191,  202].  The  indications  for  the  latter  have  expanded 
markedly  from  rare  focal  dystonias  to  more  common  medical  conditions  such  as 
genitourinary  disorders,  hyperhidrosis,  pain,  headache  and  neuropathy  [222,  264]. 
Candidates  for  BoNT  therapy  now  encompass  a  sizable  fraction  of  the  population 
[41, 43,  82];  consequently,  when  improved  vaccines  become  available,  vaccination 
should  only  be  considered  after  a  careful  risk-benefit  analysis  [230].  In  addition, 


reengineering  of  toxins  has  opened  up  additional  therapeutic  opportunities  for  treat¬ 
ment  of  conditions  such  as  chronic  pain  [98,  157]  and  asthma  [99].  These  reengi¬ 
neered  toxins  are  likely  to  be  ineffective  in  BoNT-immunized  individuals  [84]. 

Since  it  is  expected  that  most  victims  of  a  bioterrorist  attack  with  BoNT  would 
not  be  vaccinated,  symptomatic  treatment  would  need  to  be  supplemented  by  in¬ 
fusion  of  antitoxin  to  prevent  continued  internalization  of  BoNT  into  target  tis¬ 
sues.  The  current  product  is  a  despeciated  heptavalent  botulism  antitoxin  (HBAT) 
developed  originally  by  the  US  Army  Medical  Research  Institute  of  Infectious 
Diseases  (USAMRIID)  in  conjunction  with  the  University  of  Minnesota  [119]. 
As  with  earlier  antitoxins,  HBAT  is  effective  in  reducing  the  severity  of  BoNT 
intoxication,  as  long  as  it  is  administered  while  active  toxin  is  still  circulating  in 
the  bloodstream  [154]. 

To  overcome  this  time  constraint  for  therapy  and  to  accelerate  recovery,  spe¬ 
cific  pharmacological  agents  to  counteract  BoNT  intoxication  would  be  desirable, 
either  as  stand-alone  treatments  or  as  adjuncts  to  antitoxin  [7,  244].  The  purpose 
of  this  chapter  is  to  use  the  insights  gained  in  our  understanding  of  the  mechanism 
of  BoNT  action,  especially  during  the  past  two  decades,  to  establish  a  conceptual 
framework  within  which  to  develop  effective  treatment  strategies  for  intoxication, 
and  to  evaluate  current  and  emerging  treatment  options.  Important  advances  have 
been  made  in  a  number  of  critical  areas.  These  include  identification  of  antitoxin¬ 
binding  epitopes  [28,  32],  determination  of  BoNT  pharmacokinetics  in  animal  mod¬ 
els  [61,  193],  identification  of  the  protein  receptors  for  cell  surface  binding  [79,  80, 
123,  173],  a  more  precise  characterization  of  the  translocation  channels  [94]  and 
resolution  of  the  crystal  structure  of  BoNT  and  its  functional  domains  [14,  42,  138, 
247,  248].  Many  of  these  discoveries  were  set  in  motion  following  recognition  of 
the  zinc  metalloprotease  action  of  the  BoNT  light  chain  (LC)  [169],  and  subsequent 
identification  of  their  SNARE  (soluble  A^-ethylmaleimide-sensitive  factor  attach¬ 
ment  protein  receptor)  protein  targets  [168,  204,  205,  206].  The  SNARE  proteins 
targeted  by  BoNT,  namely  SNAP-25,  synaptobrevin  and  syntaxin,  are  intimately  in¬ 
volved  in  synaptic  vesicle  exocytosis,  and  their  cleavage  by  BoNT  is  the  key  event 
that  precedes  the  onset  of  toxin-mediated  paralysis  [182].  Continued  advances  in 
our  understanding  of  the  mechanism  of  BoNT-mediated  intoxication  are  expected 
to  lead  to  sustained  improvements  in  our  treatment  options  in  the  years  ahead. 


13.2  Vaccines 

13,2.1  Botulinum  Pentavalent  Toxoid  Vaccine 

Other  than  physical  protection,  vaccination  is' the  sole  means  to  prevent  botulism. 
From  the  earliest  stages  of  vaccine  development,  it  was  recognized  that  a  separate 
toxoid  would  be  required  to  generate  protective  antibodies  for  each  serotype,  since 
neutralizing  BoNT  antibodies  exhibited  little  cross-reactivity  with  non-homologous 
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BoNT  serotypes  [221].  In  fact,  the  lack  of  cross-reactivity  was  the  basis  for 
designation  of  the  eight  distinct  serotypes  of  BoNT  [32,  114].  For  the  past  half 
century,  prophylaxis  against  botulism  had  been  carried  out  by  use  of  PBT  vaccine 
developed  by  the  US  Army  at  Fort  Detrick,  Maryland  [94].  The  pentavalent  for¬ 
mulation  encompassed  all  of  the  serotypes  (A,  B,  Cl,  D,  E)  that  were  known  at 
the  time  of  original  production  in  1958  and  included  the  three  serotypes  that  were 
responsible  for  most  human  outbreaks  (A,  B,  E)  [94,  114,  221].  PBT  is  generally 
administered  to  personnel  at  high  risk  of  exposure  such  as  those  employed  in  botuli- 
num  research  laboratories,  BoNT  production  facilities  and  public  health  laboratories 
that  investigate  botulism  outbreaks  or  military  personnel  deployed  to  regions  with 
high  potential  for  bioterrorism  or  biological  warfare  [73,  202,  221].  The  individual 
monovalent  toxoid  components  of  PBT  were  produced  separately  in  bulk  culture, 
partially  purified,  inactivated  with  formalin  (0.022%)  and  adsorbed  on  aluminum 
phosphate  (adjuvant)  to  increase  immunogenicity  [94].  PBT  vaccine  was  generated 
by  blending  the  five  monovalent  toxoids,  which  were  preserved  with  0.01  %  thimer- 
osal  and  bottled  in  multiuse  vials  [23,  221].  Vaccination  of  human  volunteers  with 
a  series  of  three  deep  subcutaneous  injections  of  PBT  over  a  10-  to  12-week  period 
followed  by  a  booster  at  52  weeks  led  to  measurable  titers  in  virtually  all  vaccinees. 

There  is  compelling  evidence  for  the  efficacy  of  PBT  from  animal  studies,  from 
which  human  efficacy  can  be  inferred.  Thus,  guinea  pigs  vaccinated  with  PBT  were 
able  to  survive  a  challenge  by  up  to  10^  mouse  median  lethal  dose  (MLD^^)  of  BoNT 
[94],  and  passive  transfer  of  antibodies  from  individuals  vaccinated  with  PBT  pro¬ 
tected  guinea  pigs  [103]  and  nonhuman  primates  (NHPs)  from  aerosol  challenge 
by  lethal  doses  of  BoNT  [100].  In  addition,  purified  human  immunoglobulins  from 
volunteers  vaccinated  with  PBT  have  been  found  to  be  highly  effective  in  the  treat¬ 
ment  of  infant  botulism  ([27],  cf  Sect.  13.3.4). 

PBT  vaccine  has  been  available  from  the  CDC  as  an  investigational  new  drug 
(IND)  since  1965  for  civilians  at  risk  (IND  161)  and  subsequently  for  deploying 
military  personnel  (IND  3723,  US  Army  Office  of  the  Surgeon  General).  From 
1965  to  the  present  time,  more  than  20,000  injections  have  been  given  to  those  in 
the  high-risk  category,  and  more  than  8,000  injections  were  administered  to  military 
personnel.  In  spite  of  its  long  history,  PBT  has  never  been  licensed  by  the  FDA.  This 
is  largely  because  the  FDA’s  Animal  Rule,  which  allows  for  licensure  of  vaccines 
(and  approval  of  drugs)  in  the  absence  of  human  efficacy  data,  only  came  into  effect 
in  July  2002,  well  after  PBT  was  developed  [113]. 

Since  1979,  five  separate  lots  of  PBT  were  produced,  all  using  the  same  mon¬ 
ovalent  toxoids.  New  lots  were  necessitated  by  shortages  in  supply  or  reductions 
in  potency  of  some  of  the  individual  serotypes.  The  most  recent  lot  (PBP-003)  has 
been  available  since  1994  [202].  Due  largely  to  the  high  levels  of  formalin  (to  pre¬ 
vent  reactivation  of  toxoid  to  toxin)  and  thimerosal  in  the  final  product,  PBT  is 
reactogenic,  although  most  adverse  events  have  been  reported  to  be  local  rather  than 
systemic:  pain  and  erythema/induration  at  the  injection  site.  For  lot  PBP-003,  mod¬ 
erate  local  reactions  (erythema/induration  between  30  mm  and  120  mm)  were  as¬ 
sociated  with  12%  of  vaccinations,  and  severe  local  reactions  (erythema/induration 
more  than  120  mm,  or  axillary  lymph  node  enlargement  and/or  tenderness)  with  2  % 
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of  vaccinations.  Systemic  adverse  events  (fever,  malaise,  headache,  myalgia)  were 
mild  and  occurred  in  7  %  of  vaccinees.  Reactions  were  more  frequent  after  boosters 
than  after  the  primary  series  [202]. 


13.2.2  Limitations  of  PBT  Vaccine 

In  spite  of  its  long  use,  the  PBT  vaccine  was  found  to  have  a  number  of  drawbacks, 
which  has  led  to  the  search  for  new-generation  vaccines  for  BoNT  intoxication. 
Among  these  are  high  reactogenicity,  poor  immunogenicity  and  absence  of  toxoids 
for  BoNT/F  or  BoNT/G,  both  of  which  were  discovered  considerably  later  than  the 
first  five  serotypes  [105,  166].  Although  BoNT/F  and  BoNT/G  have  been  implicat¬ 
ed  in  only  a  small  number  of  human  intoxications  [147,  241],  both  are  considered  to 
be  potential  agents  of  bioterrorism.  With  regard  to  immunogenicity,  achieving  op¬ 
timal  protective  titers  requires  injections  at  0,  2  and  12  weeks  (primary  series)  plus 
a  boost  at  52  weeks;  annual  boosters  were  recommended  to  maintain  titers  [236]. 
Antibody  titers  were  observed  to  fall  significantly  between  the  end  of  the  primary 
series  and  the  first  annual  booster,  creating  a  long  window  of  vulnerability  [221]. 
This  problem  was  addressed  in  2004  by  adding  a  6-month  booster. 

There  have  also  been  periodic  issues  with  reductions  in  potency,  especially  for 
serotypes  B  and  E  [202].  The  low  immunogenicity  and  loss  of  potency  were  pre¬ 
sumably  the  result  of  the  age  and  relative  impurity  of  the  individual  toxoids.  The 
monovalent  components  were  manufactured  between  1969  and  1971  and  contained 
only  10-15%  protein  [202],  These  problems  could  be  alleviated,  in  principle,  by 
formulation  of  toxoids  with  higher  purity  [127],  However,  the  current  safety  and 
surety  concerns  over  the  large-scale  toxin  production  that  would  be  needed  to  sup¬ 
port  the  vaccine  effort  and  the  increased  regulatory  requirement  by  the  FDA  for 
product  safety  make  this  approach  impractical. 


13.2.3  Discontinuation  of  PBT 

As  of  November  30,  2011,  the  CDC  terminated  release  of  PBT  for  individuals  at 
high  risk  of  occupational  exposure  to  BoNT  [57].  This  decision  was  based  on  the 
reduction  in  immunogenicity  coupled  with  a  progressive  rise  in  reactogenicity  of 
PBT,  as  described  earlier.  To  allow  current  vaccinees  to  complete  the  primary  se¬ 
ries,  PBT  remained  available  until  May  31, 2012.  However,  no  new  personnel  were 
permitted  to  be  vaccinated  with  PBT,  and  no  licensed  or  IND  vaccine  for  botulism 
is  currently  available  in  the  USA  to  replace  PBT  [57]. 

It  has  been  recognized  for  more  than  20  years  that  new  vaccine  candidates  could 
overcome  many  of  the  problems  associated  with  the  traditional  vaccine,  and  al¬ 
ternative  approaches  to  develop  vaccines  against  the  BoNTs  were  initiated  in  the 
early  1990s  for  eventual  replacement  of  PBT  [67].  Many  of  these  efforts  are  still 
being  pursued,  including  recombinant  subunit  vaccines  based  on  the  toxin-binding 
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domain,  the  combined  catalytic  and  translocation  domains,  or  holotoxin  rendered 
inactive  by  mutations  in  the  catalytic  domain.  These  will  be  discussed  in  the  fol¬ 
lowing  sections 


13.2.4  Recombinant  Botulirium  Vaccines 

Improvements  in  recombinant  DNA  techniques  allowed  for  elucidation  of  the  nu¬ 
cleotide  and  deduced  amino  acid  sequence  of  clostridial  neurotoxins  nearly  three 
decades  ago  [87,  130,  252,  265].  These  advances  enabled  expression  of  nontoxic 
fragments  of  BoNT  for  use  as  vaccine  candidates.  Unlike  toxoids,  recombinant  anti¬ 
gens  could  be  produced  in  quantities  sufficient  for  vaccine  development  without  the 
need  for  large-scale  culture  of  C.  botulinum  and  its  associated  surety  and  biosafety 
risks,  high  cost,  and  need  for  chemical  detoxification. 


13.2.4.1  Recombinant  Subunit  Vaccines 

The  first  demonstration  that  a  nontoxic  component  of  BoNT/A  was  able  to  gener¬ 
ate  protective  antibodies  was  provided  by  investigators  at  USAMRIID  [67].  These 
authors  constructed  a  synthetic  gene  coding  for  the  ~  50-kDa  binding  domain  of 
BoNT/A  (He)  which,  unlike  the  native  clostridial  gene,  could  be  readily  expressed 
in  Escherichia  coli.  The  recombinant  He,  corresponding  to  the  C-terminal  half  of 
the  heavy  chain  (HC),  was  selected  since  it  is  the  most  antigenic  component  of 
BoNT  and  the  one  most  likely  to  produce  neutralizing  antibodies  [28,  33,  254].  An 
additional  advantage  of  He  is  that  it  is  nontoxic  since  it  lacks  both  the  transloca¬ 
tion  domain  (H^^)  and  the  catalytically  active  LC  [229,  233].  After  purification  and 
adsorption  on  aluminum  hydroxide  adjuvant,  mice  were  immunized  with  He.  A 
series  of  three  vaccinations  at  0,  2  and  4  weeks  protected  mice  against  a  IO^-MLD^q 
challenge  dose  of  BoNT/A  at  week  5.  This  pioneering  study  was  inspired  by  earlier 
efforts  with  the  related  tetanus  neurotoxin  (TeNT)  [92],  and  it  clearly  demonstrated 
the  feasibility  of  using  a  nontoxic  fi'agment  to  protect  against  botulism. 

Since  BoNT/A  He  appeared  to  be  a  promising  vaccine  candidate  capable  of  re¬ 
placing  PBT,  Smith  and  coworkers  modified  the  synthetic  He  gene  for  expression  in 
the  yeast  Pichia  pastoris  to  take  advantage  of  the  superior  attributes  of  this  system 
(high  yields,  lack  of  endotoxin  and  ease  of  purification),  and  subsequently  extended 
the  recombinant  vaccine  effort  to  seven  BoNT  serotypes  [52,  53, 124, 1 89, 235, 260, 
261].  In  preclinical  studies,  recombinant  BoNT/A  He  was  found  to  be  protective  in 
mice,  and  He  of  serotypes  A  and  B  were  also  shown  to  be  protective  in  NHPs  chal¬ 
lenged  by  aerosol  exposure  [40,  113].  Moreover,  neutralizing  antibody  titers  were 
detected  for  up  to  2  years  in  NHPs  following  vaccination  with  He  domains  [40]. 

To  prepare  for  replacement  of  PBT  by  a  recombinant  vaccine,  the  US  Chemical 
Biological  Medical  Systems-Joint  Vaccine  Acquisition  Program  (CBMS-JVAP)  has 
been  working  with  DynPort  Vaccine  Company  LLC  (DVC)  to  transition  a  bivalent 
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serotype  A  and  B  He  recombinant  vaccine  (rBV  A/B)  for  licensure  under  the  FDA’s 
Animal  Rule.  The  vaccine  was  developed  against  BoNT/A  subtype  A 1  and  BoNT/B 
subtype  B1  [113]. 

In  2004,  DVC  submitted  an  IND  application  to  the  FDA  to  carry  out  phase  1 
clinical  trials  on  this  vaccine  in  a  group  of  healthy  adult  volunteers  [236].  The  biva¬ 
lent  vaccine  was  well  tolerated  in  the  study  population  and  stimulated  serotype-spe¬ 
cific  neutralizing  antibodies  at  all  dosage  levels  tested.  Moreover,  passive  transfer 
of  antibodies  from  human  subjects  to  guinea  pigs  was  protective  when  animals  were 
challenged  with  a  IO-MLD5Q  dose  of  BoNT/A  or  BoNT/B  [202]. 

The  rBV  A/B  program  was  granted  Fast  Track  designation  by  the  FDA,  and 
phase  2  trials  were  begun  in  2008.  The  trials  involved  a  study  population  of  440 
healthy  adult  volunteers  and  assessed  the  safety  of  rBV  A/B  over  an  1 8-month  pe¬ 
riod.  Vaccine  or  placebo  was  administered  at  two  dosing  schedules:  0,  28  and  182 
days  or  0,  56  and  182  days.  Antibody  levels  were  then  measured  at  prescribed  time 
intervals.  This  study  was  successfully  completed  in  February  2011.  Licensure  must 
now  await  completion  of  phase  3  studies.  If  successful  in  phase  3,  rBV  A/B  is  likely 
to  be  the  first  vaccine  approved  under  the  FDA’s  Animal  Rule  (http://assetsl.csc. 
com/dvc/ downloads/D V C  Botulinum  Vaccine  Case_Study_May_20 1 0 .pdf). 

Even  if  rBV  A/B  achieves  licensure  as  planned,  it  still  leaves  the  remaining 
serotypes  of  BoNT  without  an  approved  vaccine.  In  limited  preclinical  studies, 
recombinant  He  fragments  of  serotypes  C  and  D  were  also  found  to  be  effective 
vaccine  candidates  [261],  both  alone  and  in  combination.  Further,  a  heptavalent 
Hc-derived  vaccine  was  found  to  protect  mice  challenged  by  10,000  intraperitone- 
al  (i.p.)  MLD^q  units  of  each  BoNT  serotype  [31].  At  this  time,  however,  there  are 
no  plans  to  conduct  advanced  studies  on  these  serotypes,  largely  due  to  resource 
limitations. 


13.2.4.2  Other  Recombinant  Vaccine  Candidates 

In  addition  to  Hc-derived  vaccines,  a  number  of  other  recombinant  products  have 
been  studied  at  the  preclinical  level  that  may  be  candidates  for  future  vaccine  devel¬ 
opment.  Among  these  are  subunit  vaccines  consisting  of  the  combined  catalytic  and 
translocation  domains  (LCH^O  [220],  subunit  vaccines  coupled  to  viral  vectors  for 
enhanced  immunogenicity  [141,  171, 275]  and  catalytically  inactive  holotoxin  that 
contains  mutations  in  the  LC,  rendering  the  molecule  nontoxic  (holotoxoid)  [186, 
262].  This  holotoxoid  would  appear  to  be  the  ideal  immunogen,  since  it  could  elicit 
neutralizing  antibodies  to  the  binding,  translocation  and  catalytic  domains  of  BoNT. 
Moreover,  the  holotoxoid  could  also  offer  protection  following  challenge  with  a 
reengineered  toxin  in  which  one  or  more  domains  were  altered  to  evade  subunit 
vaccines  targeting  a  single  domain. 

Both  a  double  LC  mutant  of  BoNT/A  expressed  in  E.  coli  (R362A,  Y365F)  [186] 
and  a  triple  LC  mutant  expressed  in  P.  pastoris  (H223A,  E224A,  H227A)  [262] 
were  found  to  be  highly  protective  in  mice.  The  triple  mutant  was  in  fact  shown 
to  protect  against  three  of  the  five  subtypes  of  BoNT/A  (Al,  A2,  A3)  after  a  single 
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injection,  whereas  the  Hc-derived  vaccine  was  only  effective  against  challenge  by 
A1  under  this  condition  [262],  Although  these  differences  were  less  pronounced 
following  multiple  vaccinations,  the  atoxic  mutant  holotoxoid  still  has  the  advan¬ 
tage  of  eliciting  protection  with  less  delay,  which  is  significant  for  enabling  rapid 
military  deployment  to  regions  with  potential  BoNT  exposure. 

Subtypes  within  serotypes  arise  from  variations  in  the  primary  structure  of  the 
toxins,  and  have  significant  impact  on  protective  strategies  since  vaccines  and  an¬ 
titoxins  are  generally  less  effective  in  protecting  against  dissimilar  BoNT  subtypes 
[192,  220,  237,  262]. 


13,2,5  Mucosal  Vaccine  Delivery 

Vaccines  delivered  parenterally  produce  antibodies  that  can  neutralize  BoNT  only 
after  it  has  gained  access  to  the  bloodstream.  Vaccines  delivered  mucosally,  on 
the  other  hand,  are  capable  of  inducing  both  systemic  and  mucosal  immunity 
[66,  102,  183].  The  addition  of  mucosal  immunity  is  of  potential  advantage  since 
botulism,  other  than  wound  or  iatrogenic,  involves  initial  binding  to  the  airway 
or  intestinal  mucosa  [133,  149,  194].  Xu  et  al.  [270]  demonstrated  that  intranasal 
(i.n.)  delivery  of  a  vaccine  constructed  from  a  replication-incompetent  adenoviral 
vector  encoding  the  He  component  of  BoNT/C  was  able  to  elicit  high  levels  of 
immunoglobulin  A  (IgA)  in  mucosal  secretions  and  immunoglobulin  G  (IgG)  in 
sera  of  mice  2  weeks  after  a  single  vaccination  with  2x10”^  plaque-forming  units. 
In  addition,  this  dose  protected  100%  of  mice  against  a  IOO-MLD3Q  challenge  of 
BoNT/C  at  7-27  weeks  after  vaccination.  The  rapid  onset,  persistence  and  abil¬ 
ity  to  achieve  protection  after  a  single  vaccination  are  remarkable  and  exceed  the 
performance  of  traditional  and  other  new-generation  vaccine  candidates.  It  is  not 
clear,  however,  what  role  mucosal  IgA  played  in  the  observed  protection,  since 
similar  results  were  obtained  when  the  adenoviral  vaccine  was  injected  intramus¬ 
cularly  [275].  Even  if  the  mucosal  protection  was  not  the  major  factor  in  the  find¬ 
ings  of  Xu  et  al.  [270],  i.n.  delivery  still  has  the  advantage  of  increased  efficiency 
and  lower  cost  [194]. 

Based  on  the  preceding,  we  have  transitioned  from  having  a  single  pentavalent 
toxoid  vaccine  for  botulism  (PBT),  which  was  limited  by  low  immunogenicity  and 
high  reactogenicity,  and  are  in  the  process  of  developing  a  safer  and  more  effective 
bivalent  subunit  vaccine  (rBV  A/B)  that,  in  principle,  can  be  extended  to  all  sero¬ 
types  [31].  There  are  other,  perhaps  even  more  promising  candidates,  such  as  atoxic 
holotoxins,  that  may  provide  protection  against  some  deliberately  modified  forms 
of  BoNT  whose  binding  domain  might  not  be  neutralized  by  rBV  A/B  [186,  262]. 
Which,  if  any,  additional  vaccine  candidates  will  be  selected  for  development  is  yet 
unclear.  In  addition,  the  benefits  of  vaccination  must  be  weighed  against  the  con¬ 
siderable  cost  of  developing  new  vaccines,  the  likelihood  that  BoNT  intoxication 
can  be  successfully  treated  by  a  combination  of  antitoxin  and  a  yet  to  be  developed 
therapeutic  and  the  probable  loss  of  clinical  benefit  to  the  vaccinees. 
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13.3  Antitoxins 

13.3.1  Rationale  for  Antitoxin  Treatment 

Although  in  use  for  more  than  four  decades,  equine  antitoxins  are  still  the  only 
postexposure  products  available  for  limiting  the  severity  of  BoNT  intoxication  [73, 
154].  The  efficacy  of  antitoxins  stems  from  their  ability  to  neutralize  BoNT  in  cir¬ 
culation  and  thus  to  prevent  further  internalization  of  toxin.  Achieving  this  requires 
antitoxins  to  be  administered  early  during  the  course  of  illness  [1 15,  215,  249].  The 
temporal  limitation  of  antitoxin  treatment  has  long  been  appreciated  [117]  and  is 
related  to  the  fact  that  clostridial  neurotoxins  exert  their  actions  inside  the  nerve  ter¬ 
minal,  where  they  are  not  susceptible  to  antibody  neutralization  [229].  Accordingly, 
at  the  time  when  signs  and  symptoms  of  botulism  become  apparent,  a  substantial 
quantity  of  toxin  has  already  become  internalized,  and  only  the  fraction  that  is  still 
in  the  circulation  is  available  to  be  neutralized. 

In  light  of  this  limited  therapeutic  window,  the  question  arises  as  to  why  are 
antitoxins  not  administered  prophylactically,  especially  if  the  threat  of  BoNT  ex¬ 
posure  is  imminent.  There  are  two  compelling  reasons  why  antitoxins  are  not  used 
without  evidence  of  exposure;  both  are  related  to  the  equine  origin  of  the  product. 
First,  equine-derived  antitoxins  have  a  high  risk  of  hypersensitivity.  The  previously 
licensed  trivalent  ABE  antitoxin  (Table  13.1)  was  associated  with  a  9%  incidence 
of  hypersensitivity  [35].  Of  268  patients  studied  retrospectively  over  an  1 1 -year  pe¬ 
riod,  anaphylaxis  was  observed  in  nearly  2%  of  the  study  population  within  10  min 
of  antitoxin  treatment,  and  nearly  4%  in  this  group  developed  serum  sickness  6-20 
days  after  receiving  antitoxin  [35],  Second,  equine  antitoxins  are  expensive  and 
difficult  to  produce.  Until  a  substantial  quantity  of  HBAT  was  delivered  to  the  Stra¬ 
tegic  National  Stockpile  (SNS),  BoNT  antitoxins  were  only  available  in  extremely 
limited  supply,  reflecting  production  difficulties,  high  cost,  limitations  of  shelf  life 
and  the  fact  that  naturally  occurring  botulism  is  a  rare  disease  [215]. 


13.3.2  Efficacy  of  Antitoxin 

Although  equine-derived  antitoxins  have  been  demonstrated  to  be  highly  protec¬ 
tive  in  animal  studies  [100],  their  efficacy  in  humans  has  never  been  established 
directly  in  double-blind  placebo-controlled  clinical  trials.  Instead,  efficacy  was  in¬ 
ferred  from  retrospective  studies  on  BoNT-intoxicated  patients.  In  one  such  study 
involving  134  patients,  those  who  received  antitoxin  within  24  h  of  onset  of  signs 
and  symptoms  had  a  lower  fatality  rate  (10%)  than  those  who  received  antitoxin 
after  24  h  of  onset  (15%)  or  those  who  did  not  receive  antitoxin  (46%).  In  addition, 
patients  who  received  antitoxin  within  24  h  had  shorter  hospital  stays  and  spent 
fewer  days  on  a  ventilator  than  those  who  received  antitoxin  after  24  h  [249].  To 
determine  the  time  window  for  antitoxin  administration  more  rigorously,  it  would 
be  desirable  to  have  data  on  plasma  levels  of  BoNT  in  humans  as  a  function  of  time 
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Table  13.1  Botulinum  antitoxins 


Product 

Source 

Years  used 

Availability 

Status:  year 

Heptavalent  botulism 

Equine  Fab, 

2008-cur- 

CDC 

IND;  2010 

antitoxin  (A-G) 
(HBAT) 

F(ab’)2 

renfr 

Licensed:  2013 

Bivalent  A,  B 

Equine  IgG 

1999-2010 

Withdrawn  2010 

IND:  1999-2005; 
licensed:  2005-2010 

Monovalent  E 

Equine  IgG 

2000-2010 

Withdrawn  2010 

IND:  1999 

Trivalent  A,  B,  E 

Equine  IgG 

1960-1999 

Withdrawn  1997^ 

Licensed:  1960 

BIG-IV 

Human  IgG 

2003-current  California  Depart¬ 
ment  of  Health 
Services 

Licensed  in  2003  for 
infant  botulism 
(BabyBIG®) 

CDC  US  centers  for  disease  control  and  prevention,  IMD  investigational  new  drug,  IgG  immuno¬ 
globulin  G,  5/G-/K  botulism  immune  globulin  intravenous  (Human) 

^  Until  2008,  heptavalent  botulism  antitoxin  (HBAT)  was  provided  from  US  Army  Medical 
Research  Institute  of  Infectious  Diseases  (USAMRIID)  to  the  US  Centers  for  Disease  Control 
and  Prevention  (CDC)  on  a  compassionate  basis  for  type  F  outbreaks  since  only  types  A,  B,  and  E 
antitoxins  were  available  from  the  CDC 

^  From  1997  to  1999,  trivalent  A,  B,  E  was  used  only  for  type  E  outbreaks.  Information  on  some 
of  the  dates  for  usage  was  provided  by  Dr.  Susan  Maslanka,  Division  of  Foodbome,  Bacterial, 
and  Mycotic  Diseases,  National  Center  for  Zoonotic,  Vector-borne,  and  Enteric  Diseases,  CDC, 
Atlanta,  GA,  USA 

following  potential  routes  of  exposure  (ingestion,  inhalation,  wound,  injection). 
Unfortunately,  human  pharmacokinetic  data  for  BoNT  are  lacking  since  patients 
are  often  not  seen  by  medical  personnel  until  well  after  exposure,  and,  in  addition, 
BoNT  is  so  potent  that  the  toxin  is  often  difficult  to  detect  by  conventional  methods, 
such  as  the  mouse  bioassay  [267]. 

In  a  study  conducted  on  patients  with  foodbome  botulism,  toxin  was  detected  by 
the  mouse  bioassay  in  less  than  half  of  serum  and  stool  samples  examined  within 
3  days  of  ingestion  (40^4  %)  and  in  only  1 5~23  %  of  samples  obtained  outside  of 
this  time  frame  [269].  Ravichandran  et  al.  [193]  investigated  the  pharmacokinetics 
of  BoNT/A  in  the  mouse  and  rat  by  use  of  relatively  high  doses  of  ‘^^I-BoNT/A, 
The  half-life  of  ^^^I-BoNT/A  in  semm  was  found  to  be  approximately  4  h  in  both 
species.  As  expected,  when  antitoxin  was  mixed  with  toxin  and  injected  in  animals, 
no  deaths  or  signs  of  botulism  were  observed.  Flowever,  when  antitoxin  was  admin¬ 
istered  10  min  after  BoNT,  the  former  only  prolonged  survival  but  could  not  prevent 
death;  if  antitoxin  was  administered  20  min  after  BoNT,  it  was  unable  to  even  delay 
death.  Similar  results  were  obtained  by  Cheng  et  al.  [61],  using  an  electrochemilu¬ 
minescence  enzyme-linked  immunosorbent  assay  for  detection  of  BoNT.  For  lower 
doses  of  BoNT,  such  as  those  encountered  during  natural  outbreaks,  the  treatment 
window  is  much  longer,  and  antitoxin  would  confer  some  benefit  as  long  as  toxin 
remains  in  circulation  [249]. 

Although  it  is  commonly  believed  that  circulating  BoNT  is  cleared  from  the 
bloodstream  within  1  or  2  days  of  exposure,  clearance  from  blood  may  in  fact  take 
considerably  longer  after  severe  intoxication.  The  presence  of  BoNT  in  serum  3 
days  after  clear  manifestation  of  symptoms  has  been  documented  following  an 
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outbreak  of  foodbome  botulism  [115].  Moreover,  in  the  November  2004  Oakland 
Park,  Florida  outbreak,  BoNT/A  in  excess  of  40  times  the  estimated  human  median 
lethal  dose  was  observed  in  the  serum  of  one  patient  4  days  after  receiving  a  mas¬ 
sive  overdose  of  toxin.  The  intoxication  occurred  during  a  cosmetic  procedure  in 
which  the  individual  was  injected  for  glabellar  line  reduction  with  research-grade 
BoNT/A  that  was  incorrectly  diluted  [65,  243].  For  such  severely  intoxicated  pa¬ 
tients,  antitoxin  administration  may  still  be  effective  in  limiting  the  severity  and 
duration  of  illness,  since  it  would  prevent  continued  internalization  of  circulating 
toxin.  In  this  context,  it  is  of  interest  that  blood  components  do  not  appear  to  bind, 
degrade,  or  alter  BoNT,  so  toxin  detected  in  blood  can  be  considered  to  be  active 
even  days  after  intoxication  [193].  From  patient  records  examined  between  1973 
and  1980,  Jacket  et  al.  [249]  concluded  that  the  upper  end  for  antitoxin  efficacy  was 
unknown.  Unfortunately,  we  still  do  not  have  reliable  data  to  establish  this  limit. 


13,3.3  Equine  Heptavalent  Botulinum  Antitoxin 

Presently,  the  only  antitoxin  available  in  the  USA  for  noninfant  botulism  is  an 
equine  HBAT  manufactured  by  the  Cangene  Corporation  of  Canada  for  the  CDC’s 
Quarantine  stations  and  for  HHS’s  SNS.  HBAT  has  replaced  the  licensed  equine 
bivalent  AB  antitoxin  (BAT-AB)  originally  made  by  Connaught  Corporation  of 
Canada  and  acquired  by  Aventis/Sanofi-Pasteur,  and  the  investigational  monovalent 
type  E  antitoxin  (BAT-E)  (Sanofi  Pasteur).  BAT-AB  and  BAT-E  expired  on  March 
12,2010  [56]. 

HBAT  is  prepared  from  plasma  of  horses  immunized  with  one  of  seven  se¬ 
rotypes  of  BoNT  toxoid  and  toxin.  For  each  antitoxin  serotype  (A-G),  purified 
F(ab')2/Fab  immunoglobulin  fragments  are  produced  by  pepsin  digestion  of  the  IgG 
monomer.  The  Fc  fragments  are  removed  to  minimize  the  risk  of  hypersensitivity 
reactions  (despeciation).  The  final  product  contains  <2%  intact  IgG  and  >90%  Fab 
or  F(ab')2  fragments,  and  therefore  adverse  reactions  to  HBAT  are  expected  to  be 
relatively  infrequent  (http://www.epi.hss.state.ak.us/bulletins/docs/b2010_05.pdf). 

Following  formulation  of  the  individual  components,  the  seven  antitoxin  sero¬ 
types  are  blended  into  a  heptavalent  product  and  filled  into  single-use  vials  for  in¬ 
travenous  (i.v.)  infusion.  The  nominal  potency  values  for  HBAT  are:  7,500  interna¬ 
tional  units  (lU)  anti-A,  5,500  lU  anti-B,  5,000  lU  anti-C,  1,000  lU  anti-D,  8,500  lU 
anti-E,  5,000  lU  anti-F,  and  1,000  lU  anti-G  [56,  91].  These  units  are  more  than 
sufficient  to  neutralize  the  highest  serum  levels  of  BoNT  encountered  in  natural 
outbreaks  [154].  Because  HBAT  is  despeciated,  it  is  less  likely  to  elicit  hypersensi¬ 
tivity  reactions  [119].  Although  it  may  not  be  as  safe  as  the  human-derived  antitoxin 
approved  for  infant  botulism  ([27],  Sect.  13.3.4),  despeciation  should  in  principle 
increase  the  safety  of  HBAT  by  removing  the  Fc  region  of  the  IgG  which  binds 
complement  and  triggers  inflammatory  side  effects  [154].  Accordingly,  skin  sensi¬ 
tivity  tests  that  were  recommended  for  the  previous  formulations  of  antitoxin  are 
not  required  for  HBAT.  Data  gathered  from  148  BoNT-intoxicated  patients  treated 
with  HBAT  under  a  CDC  expanded  access  program  between  2008  and  2011  suggest 
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that  the  new  product  has  similar  efficacy  as  BAT-AB  and  BAT-E  (http://www.fda. 
gov/downioads/AdvisoryCommittees/CommitteesMeetingMaterials/BloodVac- 
cinesandOtherBiologics/BloodProductsAdvisoryCommittee/UCM33  8853. pdf). 
This  is  based  on  observations  of  comparable  improvements  in  the  length  of  hospital 
stays,  time  spent  in  intensive  care,  and  duration  of  ventilator  support  with  the  for¬ 
mer  and  current  antitoxins.  However*  HBAT  caused  fewer  adverse  events  than  had 
been  reported  for  the  former  antitoxins,  with  only  one  case  of  serum  sickness  and 
no  anaphylaxis  [120].  This  is  similar  to  the  safety  profile  observed  with  an  earlier 
formulation  of  HBAT  provided  by  the  US  Army  for  a  large  BoNT/E  outbreak  in 
Egypt  in  1991  [119]. 

While  despeciation  reduced  the  reactogenicity  of  the  antitoxin,  it  also  shortened 
its  plasma  half-life  [56].  Perhaps  not  fully  appreciated  earlier,  the  shorter  plasma 
half-life  of  HBAT  can  be  problematic  in  cases  of  intestinal  colonization  or  in  wound 
botulism.  A  patient  with  type  F  intestinal  colonization  botulism  showed  initial  im¬ 
provement  after  HBAT  infusion,  only  to  be  followed  by  a  relapse  10  days  later  [91]. 
The  short  half-life  of  type  F  antibodies  in  HBAT  (14.1  h)  was  a  likely  contributing 
factor  since  BoNT/F  would  continue  to  be  elaborated  from  the  gut  long  after  HBAT 
is  cleared  from  the  body.  Cases  of  intestinal  colonization  and  wound  botulism  will 
require  greater  vigilance,  with  possible  repeated  infusion  of  HBAT  to  prevent  recur¬ 
rence  of  intoxication  [91]. 

In  March  2013,  the  FDA  approved  HBAT  (BAT™)  as  an  orphan  drug  for  treat¬ 
ment  of  non-infant  botulism  in  adults  and  pediatric  patients.  Unlike  previous  BoNT 
antitoxins,  which  were  available  in  restricted  quantities,  sufficient  doses  of  HBAT 
will  be  stockpiled  to  meet  all  expected  contingencies.  Thus,  a  total  of 200,000  doses 
will  be  available  in  the  SNS  by  2018.  (http://www.fda.gov/BiologicsBloodVac- 
cines/BloodBloodProducts/ApprovedProducts/LicensedProductsBLAs/Fractionat- 
edPIasmaProducts/ucm345 137.htm).  HBAT  is  the  first  product  to  receive  licensure 
by  the  FDA  Center  for  Biologies  Evaluation  and  Research  (CBER)  under  the  Ani¬ 
mal  Efficacy  Rule  (21  CFR  §  601  Subpart  H,  Approval  of  Biologic  Products  when 
Human  Efficacy  Studies  are  Not  Ethical  or  Feasible). 

Data  in  support  of  licensure  of  HBAT  included  safety  studies  in  humans,  pharma¬ 
cokinetic  studies  in  guinea  pigs,  rhesus  macaques,  and  humans  and  efficacy  studies 
in  BoNT-intoxicated  guinea  pigs  and  rhesus  macaques.  Human  efficacy  of  HBAT 
was  based  on  the  CDC  data  described  earlier  under  an  IND  and  was  also  demon¬ 
strated  in  a  small-scale  study  that  took  advantage  of  the  phenomenon  that  injection 
of  low  doses  of  BoNT  in  a  restricted  volume  can  produce  complete  paralysis  of 
the  target  muscle  while  avoiding  systemic  toxicity.  This  allows  for  human  efficacy 
studies  to  be  carried  out  on  a  Tier  1  agent  in  a  manner  that  is  both  humane  and  ethi¬ 
cal  (http://ichgcp.net/clinical-trials-registry/research/index/NCT006365 1 9).  Exten¬ 
sor  digitorum  brevis  (EDB)  muscles  of  human  volunteers  were  injected  locally  with 
5  MLD^q  of  Botox®  (onabotulinumtoxinA)  or  500  MLD^^  of  Myobloc®  (rimabotu- 
linumtoxinB)  by  i.m.  administration.  The  experimental  group  received  an  i.v.  infu¬ 
sion  of  HBAT  1  day  before  toxin  and  exhibited  normal  EDB  muscle  function.  The 
“control”  group  received  placebo  in  place  of  HBAT  and  exhibited  paralysis  of  the 
EDB  muscle  over  the  entire  28-day  period  of  observation. 
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13.3.4  Antitoxin  Treatment  for  Infant  Botulism 

Infant  botulism  is  currently  the  most  common  form  of  BoNT  intoxication  in  the 
USA.  Unlike  classic  foodbome  botulism,  which  involves  intoxication  by  preformed 
toxin,  infant  botulism  occurs  when  spores  of  C.  botulinum  (usually  A  or  B)  are  in¬ 
gested,  and  vegetative  cells  temporarily  colonize  the  large  intestine.  Under  appropri¬ 
ate  growth  conditions,  C.  botulinum  will  proliferate  and  produce  toxin  that  reaches 
the  target  tissues  via  the  general  circulation  [27].  Infant  botulism  is  most  frequently 
observed  at  3-4  months  of  age,  and  like  adult  botulism,  severe  cases  of  infant  botu¬ 
lism  require  intensive  care,  artificial  ventilation  and  antitoxin  treatment  [25]. 

Equine  antitoxin  products  are  not  generally  used  in  infant  botulism  due  to  their 
potential  for  eliciting  hypersensitivity  reactions,  including  a  lifelong  sensitization 
to  equine  proteins.  Additionally,  equine  antitoxins  have  a  brief  half-life  in  humans, 
which  is  incompatible  with  the  prolonged  duration  of  toxin  production  in  the  colo¬ 
nized  intestine.  To  overcome  these  constraints,  a  human  antitoxin  was  developed 
from  plasma  of  laboratory  workers  who  were  hyperimmunized  with  PBT.  This 
product  was  designated  Botulism  Immune  Globulin  Intravenous  (Human)  (BIG- 
IV)  and  contained  >  15  lU  of  antibodies  against  BoNT/A  and  >4  lU  of  antibodies 
against  BoNT/B.  BIG-IV  was  tested  in  a  5-year  randomized  double-blind  placebo- 
controlled  study  in  California  as  well  as  a  6-year  nationwide  open-label  study.  In 
both  studies,  treatment  with  BIG-IV  led  to  significant  reductions  in  mean  hospi¬ 
talization  time,  including  fewer  days  of  intensive  care  and  mechanical  ventilation, 
with  no  serious  adverse  effects.  The  findings  were  sufficiently  compelling  that  li¬ 
censure  of  BIG-IV  was  granted  by  the  FDA  in  October  2003  as  BabyBIG®  for  the 
treatment  of  infant  botulism.  Since  BIG-IV  is  derived  from  human  plasma,  it  also 
has  a  long  circulation  time  (mean  serum  half-life  =28  days)  and  generally  remains 
protective  for  the  duration  of  the  intestinal  colonization  [27], 

13.3.5  Recombinant  Monoclonal  Antibody-Based  Antitoxins 

From  the  above,  it  is  clear  that  a  human  product  like  BIG-IV  would  be  desirable 
for  treatment  of  adult  botulism  since  it  is  safe  and  efficacious,  and  its  long  plasma 
residence  time  would  make  it  possible  to  use  this  antitoxin  for  pretreatment  or  pro¬ 
phylaxis,  Pretreatment  with  antitoxin  prior  to  BoNT  exposure  has  been  shown  to 
prevent  botulism  in  animals,  whereas  delayed  addition  led  to  a  relatively  poor  prog¬ 
nosis  [61,  100,  193].  However,  since  BIG-IV  is  derived  from  hyperimmunized  hu¬ 
man  donors,  it  would  not  be  feasible  to  obtain  the  vast  quantities  of  antitoxin  needed 
for  the  SNS  from  such  a  limited  source.  Another  concern  is  the  problem  of  screen¬ 
ing  for  infectious  diseases,  which  could  become  an  issue  if  production  of  BlG-lV 
were  to  be  expanded  to  provide  coverage  for  the  general  population. 

As  an  alternative  to  antitoxins  derived  from  either  equine  or  human  donors,  re¬ 
combinant  monoclonal  antibodies  could,  in  principle,  provide  a  sustainable  source 
of  antitoxin  in  unlimited  quantity  without  risk  of  transmitting  infectious  diseases. 
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Marks  and  coworkers  pioneered  the  expression  of  “recombinant  human  BoNT  anti¬ 
bodies  by  phage  and  yeast  display  technologies”  [20,  174,  195].  These  investigators 
demonstrated  that  a  combination  of  three  monoclonal  antibodies  produced  effective 
neutralization  for  a  single  BoNT  serotype  [174]. 

These  concepts  were  recently  commercialized  by  XOMA  LLC,  who  expressed 
anti-BoNT  monoclonal  antibodies  (riiAbs)  in  Chinese  Hamster  Ovary  cells  (CHO) 
and  developed  processes  to  scale  up  the  mAbs  for  eventual  placement  in  the  SNS 
as  next-generation  therapeutics,  if  current  licensing  efforts  prove  successful.  The 
product  furthest  in  development  is  designated  as  XOMA  3AB  and  has  successfully 
completed  phase  1  clinical  trials  [37,  161].  XOMA  3AB  consists  of  an  equimolar 
mixture  of  three  IgG  mAbs  designated  NXOl,  NX02,  and  NXll,  which  target  dif¬ 
ferent  nonoverlapping  regions  on  the  HC  of  BoNT/A;  NXOl  and  NX02  bind  to 
BoNT/A  He,  while  NXll  binds  to  the  interface  between  He  and  translocation  do¬ 
mains.  These  binding  sites  are  highly  conserved  in  BoNT/A  subtypes  Al,  A2,  A3, 
and  A4,  allowing  for  one  triad  of  antibodies  to  effectively  neutralize  four  subtypes 
of  BoNT/A.  With  respect  to  other  serotypes,  a  botulism  serotype  B  and  E  antitoxin 
combination  is  in  advanced  preclinical  studies,  and  antitoxins  for  serotypes  C  and 
D  have  recently  entered  initial  preclinical  testing;  antitoxin  candidates  for  serotypes 
F  and  G  are  still  under  evaluation  (http://www.phe.gov/Preparedness/mcm/phemce/ 
Documents/20 1 2-PHEMCE-Implementation-Plan.pdf). 

The  mAbs  are  considerably  more  potent  than  equine-based  antitoxins  and  have 
a  relatively  long  half-life  of  approximately  1  month.  In  addition,  these  mABs  are 
expected  to  produce  fewer  adverse  reactions,  due  to  the  absence  of  heterologous 
antigens.  The  latter  two  attributes  may  allow  XOMA  3  AB  to  be  used  prophylacti- 
cally,  if  desired,  rather  than  only  after  signs  of  exposure  are  observed.  Formulations 
of  recombinantly  expressed  mAb  appear  to  be  highly  promising  for  the  production 
of  the  next  generation  of  antitoxins  for  BoNT  intoxication;  they  can  provide  a  more 
reliable,  stable,  and  sustainable  source  of  antitoxin  than  is  possible  with  current- 
generation  products. 


13.4  Pharmacological  Intervention 

From  the  time  that  inhibition  of  ACh  release  was  established  as  the  mechanism  of 
BoNT  action,  attempts  have  been  made  to  antagonize  the  neurotoxin  by  measures 
that  enhance  ACh  release  [165]  and,  subsequently,  with  specific  inhibitors  that 
target  its  binding  [30],  translocation  [75]  and  catalytic  activity  [78].  The  search  for 
inhibitors  has  intensified  during  the  past  two  decades,  driven  largely  by  the  need 
to  provide  postexposure  protection  to  both  military  and  civilian  populations  fol¬ 
lowing  the  rise  in  the  threat  of  international  terrorism.  This  pursuit  has  also  been 
aided  by  recent  advances  in  our  understanding  of  the  mechanism  of  BoNT  action 
following  identification  of  the  specific  events  between  exposure  and  intoxication 
[182,  229]  and  elucidation  of  the  SNARE  protein  targets  of  the  BoNT  LCs  [169, 
207,  233]. 
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An  additional  factor  in  support  of  a  pharmacological  approach  was  alluded  to 
in  Sect.  13,1.3  in  relation  to  vaccines.  Since  the  indications  for  the  clinical  use  of 
BoNT  continue  to  increase  [222,  264],  the  presence  of  anti-BoNT  antibodies  in 
vaccinated  personnel  would  reduce  or  abolish  the  therapeutic  benefits  of  BoNT  in 
these  individuals.  Although  antibody  levels  decline  with  time  after  vaccination  to 
the  point  of  failing  to  protect  against  a  toxic  exposure  within  2  years  [236],  residual 
BoNT  antibodies  can  still  interfere  with  the  therapeutic  use  of  BoNT,  perhaps  for 
an  entire  lifetime.  Moreover,  this  resistance  to  therapy  cannot  be  overcome  by  in¬ 
creases  in  the  dose  of  BoNT  [84].  Vaccination  with  selective  serotypes  is  not  practi¬ 
cal,  since  those  most  likely  to  be  used  in  a  bioterrorist  attack  (A  and  B)  [26]  are  also 
the  ones  that  provide  the  greatest  therapeutic  benefit. 

The  question  of  whether  to  vaccinate  or  not  is  considered  by  Simpson  [230], 
who  notes  that  a  possible  answer  may  be  to  develop  a  vaccine  that  could  produce  a 
rapid  and  robust  immunity  to  BoNT,  but  only  for  a  limited  duration,  corresponding 
to  the  period  of  the  heightened  threat.  Antitoxins,  especially  the  XOMA  mAbs,  can 
accomplish  this  to  some  extent.  However,  prophylactic  use  of  antitoxins  is  preclud¬ 
ed  since  the  most  likely  candidates  (XOMA  mABs)  are  still  in  development,  and 
multiple  infusion  with  equine-derived  antitoxins  would  likely  create  problems  with 
hypersensitivity  [249].  Finally,  the  experience  gained  in  preparation  for  a  potential 
BoNT  threat  during  the  Persian  Gulf  War  made  it  clear  that  delays  in  generating 
adequate  protection  by  the  BoNT  vaccine  were  not  consistent  with  the  requirement 
for  rapid  deployment  of  military  personnel  [29].  Even  the  new  recombinant  He 
vaccine  requires  multiple  vaccinations  to  achieve  protective  titers  [202],  and  virally 
vectored  vaccine  candidates  that  are  effective  after  a  single  injection  have  yet  to 
transition  from  basic  research  to  product  development  [270,  275]. 


13.4.1  Early  Treatment  Concepts 

Some  of  the  earliest  putative  BoNT  antagonists  were  cholinesterase  inhibitors, 
based  on  their  ability  to  prolong  the  actions  of  ACh.  Carbamate  anticholinesterase 
agents  such  as  neostigmine  and  physostigmine  were  investigated  in  animals  [86] 
and  in  nerve  muscle  preparations  [112],  but  they  were  unable  to  antagonize  the 
effect  of  BoNT.  More  recent  studies  have  tended  to  confirm  earlier  findings  [4], 
although  there  have  been  reports  of  patients,  especially  those  with  less  severe  signs 
of  botulism,  responding  to  the  short-acting  cholinesterase  inhibitor  edrophonium 
[62].  Other  potential  antagonists  of  BoNT  action,  such  as  Ca^^  ionophores,  La^f 
black  widow  spider  venom  (BWSV),  2,4-dinitrophenol  and  agents  that  raise  cyclic 
adenosine  monophosphate  (AMP)  levels,  were  also  examined  for  their  ability  to 
reverse  BoNT  toxicity.  Evaluation  of  the  above  compounds  in  BoNT-intoxicated 
nerve-muscle  preparations  revealed  increases  in  the  frequency  of  spontaneous  min¬ 
iature  endplate  potentials  (MEPPs)  but  little  or  no  enhancement  of  evoked  endplate 
potentials  (EPPs)  or  of  muscle  tensions  [70,  228,  251].  Accordingly,  they  were  not 
considered  to  be  of  practical  value  for  treatment  of  BoNT  intoxication. 
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Fig.  13.1  Structure  of 
3,4-diaminopyrdine  {3,4~ 
DAP;  left)  and  R-roscovitine 
{ROS;  right) 


Interestingly,  although  unable  to  rescue  BoNT/A- intoxicated  neuromuscular 
junctions  acutely,  BWSV  did  produce  a  marked  acceleration  of  recovery  of  neuro¬ 
muscular  transmission  in  BoNT/A  paralyzed  muscles  [107].  The  acceleration  was 
attributed  to  rapid  destruction  of  the  BoNT/A-poisoned  terminals  by  BWSV,  which 
allowed  for  reinnervation  by  a  newly  formed  non-poisoned  nerve  terminal  at  the 
original  endplate.  In  the  absence  of  BWSV,  recovery  was  found  to  take  weeks  to 
months,  since  the  BoNT/A-poisoned  terminal  does  not  degenerate  but  instead  pre¬ 
vents  nerve  sprouts  from  reinnervating  the  original  endplate.  Unfortunately,  it  has 
not  yet  been  possible  to  exploit  this  phenomenon  for  accelerating  recovery  from 
botulism  [160]. 


13.4.2  Ch  ann  el  Blockers 

channel  blockers  were  found  to  be  more  effective  in  antagonizing  the  paralytic 
action  of  BoNT  than  were  the  former  group  of  compounds.  Their  higher  efficacy 
comes  from  their  ability  to  prolong  the  duration  of  the  nerve  terminal  action  poten¬ 
tial  [185],  leading  to  a  greater  influx  of  Ca^'^  during  nerve  stimulation.  The  increased 
Ca^"^  influx  enables  the  channel  blockers  to  produce  striking  increases  in  the 
amplitude  of  EPPs  and  of  nerve-evoked  twitch  tensions  [3,  148]. 

A  number  of  channel  blockers  have  been  evaluated  for  their  ability  to  antago¬ 
nize  the  actions  of  BoNT,  including  guanidine,  4-aminopyridine  (4-AP),  3,4-diami- 
nopyridine  (3,4-DAP),  and  tetraethylammonium  [63,  64,  70,  148,  164,  165,  227], 
(see  Fig.  13.1).  Aminopyridines  and  tetraethylammonium  inhibit  different  chan¬ 
nel  subtypes  at  the  mammalian  motor  nerve  terminal  [145,  172,  1 85],  and  both  com¬ 
pounds  are  potentially  useful  for  counteracting  the  inhibitory  action  of  BoNT  on 
transmitter  release.  Of  the  channel  blockers  thus  far  examined,  the  most  promis¬ 
ing  candidate  was  3,4-DAP;  4-AP  exhibited  a  higher  incidence  of  central  nervous 
system  (CNS)  hyperactivity,  and  tetraethylammonium  caused  a  marked  postsynaptic 
depression  of  EPPs  and  nerve-elicited  muscle  contractions  that  actually  exacerbated 
BoNT-mediated  inhibition  after  an  initial  potentiation  [3,  4,  228,  251]. 

When  added  to  nerve-muscle  preparations  prior  to  BoNT,  3,4-DAP  produced  a 
marked  delay  in  the  time-to-block  of  nerve-evoked  muscle  contractions  [155,  227]. 
When  applied  after  BoNT-mediated  paralysis,  3,4-DAP  was  able  to  augment  ten¬ 
sions  to  or  above  control  values  [4,  148,  164,  227].  Unlike  most  BoNT  antagonists, 
3,4-DAP  could  restore  tension  even  in  totally  paralyzed  muscle  [5]. 
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In  spite  of  these  successes  with  3,4-DAP,  two  fundamental  limitations  were  not¬ 
ed:  the  efficacy  of  3,4-DAP  was  largely  limited  to  serotype  A  [227]  and  the  drug 
had  a  brief  in  vivo  half-life  [5].  Of  the  two,  the  latter  is  less  critical  since  the  short 
duration  of  action  can  be  offset  by  the  use  of  an  infusion  delivery  as  demonstrated 
by  Adler  et  al.  [9]  with  subcutaneously  implanted  osmotic  minipumps.  In  addition, 
sustained  release  formulations  of  the  aminopyridine  class  of  K'^  channel  blockers 
have  become  readily  available  following  introduction  of  aminopyridines  for  treat¬ 
ment  of  diseases  such  as  multiple  sclerosis  [259]. 

The  basis  for  the  lack  of  response  to  3,4-DAP  by  the  other  serotypes  is  not  well 
understood.  At  a  functional  level,  BoNT/A-intoxicated  neuromuscular  junctions  un¬ 
dergo  an  attenuated  but  synchronous  release  of  ACh  following  stimulation;  prepa¬ 
rations  intoxicated  by  serotypes  B,  D,  and  F  produce  asynchronous  release  where 
the  ACh  quanta  are  dispersed  and  cannot  summate  to  produce  suprathreshold  EPPs 
[148,  164,  165,  25 1].  It  is  readily  apparent  that  the  lack  of  synchrony  would  prevent 
3,4-DAP  from  restoring  transmitter  release;  however,  the  factors  that  lead  to  asyn¬ 
chronous  release  are  still  not  well  understood  in  spite  of  dramatic  advances  in  our 
understanding  of  the  mechanism  of  transmitter  release  during  the  past  two  decades 
[72,  197,  203,242]. 

13.4.2.1  Channel  Blockers  in  Human  Botulism 

The  channel  blockers  guanidine,  4-AP,  and  3,4-DAP  have  been  evaluated  in¬ 
human  botulism  cases,  beginning  with  an  assessment  of  guanidine  in  1967  as  an 
adjunct  therapeutic  for  BoNT/A  intoxication.  The  general  findings  were  that 
channel  blockers  caused  a  modest  increase  in  the  strength  of  limb,  extraocular  and 
postural  muscles  but  these  drugs  were  unable  to  restore  spontaneous  ventilation 
[63,64,71]. 

During  the  last  decade,  only  a  single  report  was  published  on  the  use  of  chan¬ 
nel  blockers  in  human  botulism.  In  this  report,  dalfampridine  (clinically  approved 
formulation  of  4-AP)  was  examined  in  a  recent  case  of  botulism  [120].  A  patient  ad¬ 
mitted  originally  for  cellulitis  and  treated  initially  for  wound  botulism  with  HBAT 
and  antibiotics  was  ultimately  diagnosed  with  foodbome  botulism.  On  hospital  day 
19,  the  patient  was  treated  with  10  mg  dalfampridine  administered  orally  twice  a 
day  to  reduce  muscle  weakness  and  paralysis.  Although  the  patient  showed  an  in¬ 
crease  in  strength  over  the  following  2  days,  the  improvement  was  not  attributed  to 
dalfampridine,  but  rather  to  spontaneous  recovery;  the  drug  was  considered  to  have 
no  effect  on  this  patient. 

The  basis  for  the  failure  of  channel  blockers  to  restore  function  in  respiratory 
(diaphragm  and  intercostal)  muscles  is  not  known.  It  is  possible  that  these  muscles 
are  inherently  less  responsive  to  channel  blockers  than  limb,  extraocular  or  pos¬ 
tural  muscles,  or  respiratory  muscles  may  be  more  sensitive  to  BoNT  and  therefore 
undergo  greater  paralysis  that  is  more  difficult  to  reverse.  Since  systematic  dose¬ 
ranging  studies  with  channel  blockers  were  not  performed  in  any  of  the  clinical 
cases,  and  high  doses  were  not  attempted  to  avoid  the  risk  of  seizures  and  other 
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Fig.  13.2  Effect  of  3,4-diaminopyrdine  {3,4-DAP)  and  R-roscovitine  {ROS)  in  reversing  botuli- 
num  neuroloxin  serotype  A  (fioA^7//4)-mediated  paralysis  in  isolated  mouse  hemidiaphragm  mus¬ 
cle.  Addition  of  5  pM  BoNT/A  depressed  the  amplitude  of  indirectly  elicited  muscle  tensions  from 
3.4 ±0.5  g  to  0.35  ±0.03  g  in  2  h  (89.7%  reduction).  Addition  of  10  pM  3,4-DAP  restored  tensions 
to  1.4  ±0.2  g  within  15  min;  this  effect  was  reversed  by  a  30-min  washout.  Addition  of  30  pM 
ROS  produced  little  detectable  increase  in  tension;  however,  co-application  of  10  pM  3,4-DAP 
to  the  30-pM  ROS-containing  solution  restored  tension  to  near-control  values.  Symbols  represent 
mean±SEM;  n  =  4 


potential  side  effects,  it  is  likely  that  the  doses  of  channel  blockers  were  not 
adequate  for  restoring  function  in  these  patients  [62, 64,  71,  120].  This  certainly  ap¬ 
pears  to  be  the  case  for  3,4-DAP,  since  concentrations  required  to  increase  tension 
in  BoNT/A-intoxicated  diaphragm  muscle  were  found  to  be  >10  pM  (Fig.  13.2, 
[13]),  and  the  plasma  levels  in  patients  receiving  the  maximum  tolerated  dose  of 

3.4- DAP  for  conditions  such  as  amyotrophic  lateral  sclerosis  were  reported  to  be 
almost  tenfold  lower  (1.2± 0.5  pM)  [16].  Similarly,  the  dose  ofdalfampridine  in  the 
report  of  Hill  et  al.  [120]  was  based  on  that  used  for  multiple  sclerosis  and  is  likely 
to  have  been  well  below  the  dose  required  for  reversal  of  BoNT-mediated  paralysis 
[13,  164]. 

At  the  present  time,  the  channel  blockers  hold  promise  as  potential  therapeu¬ 
tic  agents,  but  additional  strategies  such  as  development  of  more  selective  com¬ 
pounds,  targeting  of  the  inhibitors  to  neuromuscular  and  neuroeffector  synapses  or 
combining  these  drugs  with  Ca^^  channel  activators  will  be  required  to  exploit  their 
full  potential.  With  regard  to  more  selective  inhibitors,  Mayorov  et  al.  [155]  synthe¬ 
sized  new  analogs  of  3,4-DAP  with  the  goal  of  finding  compounds  that  displayed 
both  an  enhanced  affinity  for  nerve  terminal  channels  and  a  reduced  propensity 
to  cross  the  blood-brain  barrier.  Although  none  of  the  analogs  was  more  potent  than 

3.4- DAP,  one  was  found  to  have  a  more  favorable  peripheral  to  CNS  distribution 
[155].  Complicating  the  search  for  aminopyridines  with  low  CNS  toxicity  is  that 
their  binding  site  on  the  channel  is  accessible  only  from  the  cytoplasmic  mem- 
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brane  surface  [122,  170].  This  makes  the  goal  of  finding  compounds  with  reduced 
CNS  penetration  challenging,  since  such  compounds  would  also  have  an  impaired 
ability  to  gain  access  to  the  cytoplasmic  surface  of  the  nerve  terminal  membrane. 
For  this  reason,  it  may  be  profitable  to  focus  on  channel  blockers  that  act  on  the 
outer  surface  of  the  membrane  in  future  studies. 


13,4.3  Combination  of  Channel  Blockers  with  Ca^^  Channel 
Activators 

To  address  the  issue  that  only  high  and  potentially  toxic  doses  of  3,4-DAP  can 
antagonize  the  actions  of  BoNT,  we  examined  the  effect  of  combining  3,4-DAP 
with  the  Ca^^  channel  regulator  roscovitine  (ROS;  Fig.  13.1).  ROS,  best  known  as 
an  inhibitor  of  cyclin-dependent  kinases  [131],  has  been  evaluated  for  treatment 
of  human  immunodeficiency  virus  type-1  [110],  advanced  malignancies  [142]  and 
is  in  phase  II  trials  for  non-small  cell  lung  cancer  and  nasopharyngeal  carcinoma 
[17].  Distinct  from  its  action  on  cell  cycle  regulation,  ROS  has  also  been  found  to 
prolong  the  open  state  of  nerve  terminal  N-,  P/Q-  and  R-type  Ca^^  channels,  leading 
to  enhancement  of  neurotransmitter  release  [45,  76,  272]. 

To  determine  whether  ROS  could  be  of  benefit  in  the  restoration  of  tension  in 
BoNT- intoxicated  muscles,  isolated  hemidiaphragms  were  paralyzed  by  addition  of 
5  pM  BoNT  for  2  h.  ROS  and  3,4-DAP  were  evaluated  for  their  ability  to  reverse 
paralysis,  when  added  either  individually  or  in  combination  [11,  13]  (Fig.  13.2). 
Addition  of  10  pM  3,4-DAP  led  to  a  partial  restoration  of  tension  within  15  min  of 
application.  Although  complete  recovery  of  tension  could  be  elicited  with  3,4-DAP 
alone,  higher  concentrations  of  the  channel  blocker  were  required  (30-100  pm), 
which  often  led  to  spontaneous  muscle  fasciculation  and  multiple  twitches  follow¬ 
ing  each  stimuli  [13]. 

Unlike  3,4-DAP,  ROS  (30  pM)  was  not  able  to  reverse  BoNT-mediated  muscle 
paralysis  on  its  own.  However,  when  30  pM  ROS  and  10  pM  3,4-DAP  were  co-ap- 
plied,  muscle  tensions  were  restored  to  near-control  levels  (Fig.  13.2).  As  with  3,4- 
DAP  alone,  restoration  of  tension  with  the  combination  of  3,4-DAP  and  ROS  was 
accomplished  in  -  15  min.  These  results  are  encouraging  since  they  demonstrate 
the  possibility  of  achieving  a  rapid  recovery  from  paralysis  by  using  drugs  with 
synergistic  mechanisms  of  action:  increased  Ca^^  influx  via  channel  blockade 
[164]  and  enhanced  Ca^'^  entry  via  prolongation  of  the  channel  open  time  [45,  272]. 
Although  the  lO-pM  concentrations  of  3,4-DAP  in  the  combination  is  still  toxic, 
the  concentration  of  ROS  is  within  the  range  of  plasma  levels  measured  in  patients 
receiving  ROS  for  chemotherapy  [156].  By  making  incremental  gains  in  the  margin 
of  safety  of  the  channel  blocker  in  the  combination  therapy,  it  should  be  possible 
to  achieve  efficacy  against  BoNT  in  the  absence  of  toxicity.  A  summary  of  the  role 
of  channel  blockers  and  Ca^^  channel  agonists  in  the  treatment  of  botulism  is 
provided  in  Table  13.2. 
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Table  13.2  Candidate  pharmacological  treatments:  Physiological  antagonists® 

Drug  candidate  Mechanism _ Advantages  Limitations _ References _ 

3,4-DAP,  4-AP  channel  Used  clinically  Seizures  [4,5,9,13,164,227] 

blockade 


3,4-DAP  analogs  Presumed  chan-  Reduced  CNS  No  gain  in  [155] 

nel  blockade  penetration  potency 

Guanidine  channel  Used  clinically  High  toxicity  [62, 64] 

blockade 


3,4-DAP  +  ROS  K-^  channel  block-  Additive  Toxicity  of  3,4-  [11,  13,  45,  272] 

ade  +  increase  enhance-  DAP;  ROS 

in  Ca^^  channel  ment  of  inhibits  cyclin- 

open  time  agents  on  dependent 

Ca^^  influx  kinase 


3,4-DAP  3,4-diaminopyridine,  4-AP  4-aminopyridine,  ROS  R-roscovitine 

®  Advantage  of  group  is  rapidity  of  action  and  efficacy  after  intoxication  including  restoration  of 
muscle  tension  after  total  paralysis.  Disadvantages  of  group  are  that  their  efficacy  is  limited  to 
serotype  A,  and  effective  concentrations  of  channel  blockers  are  toxic  in  vivo  [16] 


13.4.4  Inhibitors  for  Specific  Stages  of  Intoxication 

Following  the  recognition  that  BoNT  enters  motor  nerve  terminal  through  a  se¬ 
ries  of  discrete  steps,  but  prior  to  establishment  of  SNARE  protein  cleavage  as  the 
mechanism  of  BoNT  toxicity,  attempts  were  made  to  develop  inhibitors  for  the 
binding  and  internalization  of  toxin  as  potential  therapeutic  candidates.  Some  of  the 
efforts  were  intended  more  to  shed  light  on  the  mechanisms  of  action  rather  than  to 
discover  actual  treatments,  but  the  search  for  therapeutics  was  at  least  an  implicit 
goal  [228].  The  current  emphasis  for  therapy  is  on  development  of  drugs  for  inhib¬ 
iting  the  catalytic  activity  of  the  LC,  which  will  be  discussed  in  Sect.  13.4.5,  and 
strategies  to  accelerate  removal  or  degradation  of  the  LC  from  intoxicated  nerve 
terminals.  The  latter  is  dealt  with  in  Chap.  9  of  this  volume. 


13.4.4.1  Inhibitors  of  Binding 

A  reasonable  approach  to  prevent  BoNT  intoxication  is  to  use  receptor  antagonists 
to  inhibit  the  binding  of  toxin  to  the  nerve  terminal.  Complications  with  this  ap¬ 
proach  are  that  many  BoNT  serotypes  bind  to  dual  polys ialoganglioside  and  protein 
receptors  on  the  cell  surface,  and  that  different  BoNT  serotypes  recognize  different 
protein-ganglioside  combinations  [134, 167, 274].  This  implies  that  multiple  recep¬ 
tor  antagonists  would  need  to  be  developed  to  protect  against  all  the  BoNT  sero¬ 
types  responsible  for  human  intoxications.  In  addition,  although  the  role  of  ganglio- 
sides  in  the  binding  of  clostridial  neurotoxins  was  firmly  established  by  the  early 
1960s  [256],  the  protein  receptors  for  BoNT  were  not  elucidated  until  40  years  later 
[79,  80, 134];  by  this  time,  emphasis  had  shifted  to  inhibitors  of  the  catalytic  activity 
for  potential  treatment  of  BoNT  intoxication,  as  will  be  discussed  in  Sect.  13.4.5. 
The  inhibitors  of  toxin  binding  that  showed  the  greatest  promise  were  lectins  from 
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Triticum  vulgaris  and  Umax  flavus,  both  of  which  delayed  the  time-to-block  of 
nerve-elicited  muscle  contractions  with  all  BoNT  serotypes  examined  [30]. 


13.4.4.2  Inhibitors  of  Internalization/Translocation 

Following  binding  of  BoNT  to  receptors  on  cholinergic  nerve  terminals,  the  neuro¬ 
toxins  undergo  internalization  prior  to  reaching  their  ultimate  intracellular  targets 
[207,  229,  233].  Internalization  is  thought  to  involve  endocytosis  of  the  BoNT-re- 
ceptor  complex,  acidification  of  the  resulting  endocytotic  vesicle,  dissociation  of  the 
LC  and  HCs,  and  translocation  of  the  LC  into  the  cytosol  [95,  96,  135].  Although 
it  is  not  known  whether  LC  exists  as  a  discrete  entity  inside  cells  or  retains  some 
association  with  other  components  of  the  neurotoxin  or  with  cellular  components, 
the  isolated  LC  is  known  to  be  the  most  catalytically  active  form  of  BoNT  [111]. 

Translocation  affords  the  next  opportunity  to  ameliorate  the  toxic  actions  of 
BoNT.  A  number  of  pharmacological  agents  have  been  examined  for  inhibition  of 
this  process  with  various  degrees  of  success.  Simpson  [226]  demonstrated  that  pre¬ 
treatment  of  phrenic  nerve-hem i diaphragm  preparations  with  the  lysosomotropic 
agents  ammonium  chloride  or  methylamine  hydrochloride  delayed  the  time-to- 
block  of  nerve-evoked  muscle  contractions  after  exposure  to  TeNT  or  BoNT  sero¬ 
types  A,  B  or  Cl.  Incubation  of  nerve-muscle  preparations  with  ammonium  chlo¬ 
ride  and  methylamine  hydrochloride  was  effective  if  applied  before,  concurrently 
or  1 0-20  min  after  toxin  exposure.  The  efficacy  of  the  lysosomotropic  agents  was 
reduced  rapidly  with  further  delays  such  that  no  effect  was  observed  if  they  were 
administered  >30  min  after  toxin  exposure.  At  optimal  concentrations,  these  com¬ 
pounds  produced  an  -twofold  delay  in  the  time-to-block,  but  were  unable  to  reduce 
the  degree  of  paralysis  [226]. 

Other  candidates  examined  for  inhibiting  BoNT-mediated  translocation  were  the 
4-aminoquinoline  antimalarial  agents,  chloroquine  and  hydroxychloroquine  [225]. 
These  drugs  were  selected  on  the  basis  of  their  ability  to  accumulate  in  acidic  intra¬ 
cellular  compartments  and  interfere  with  receptor-mediated  endocytosis  [268].  The 
maximal  efficacies  of  the  above  4-aminoquinolines  were  similar  to  those  of  ammo¬ 
nium  chloride  and  methylamine  hydrochloride,  and  both  groups  exhibited  a  com¬ 
parable  limited  therapeutic  window.  They  differed  in  that  effective  concentrations 
of  the  4-aminoquinolines  also  produced  a  reversible  depression  of  neuromuscular 
transmission  by  an  unknown  mechanism. 

Studies  on  antimalarial  agents  were  extended  by  Deshpande  et  al.  [75]  to  iden¬ 
tify  candidates  that  did  not  block  neuromuscular  transmission,  had  a  longer  thera¬ 
peutic  window  and  could  delay  the  BoNT-mediated  time-to-paralysis  to  a  greater 
extent  than  the  former  drugs.  These  investigators  examined  a  large  group  of  4-  and 
8-aminoquinoline  compounds  as  well  as  analogous  acridines  for  efficacy  against 
BoNT  in  mouse  hemidiaphragm  preparations.  The  most  effective  compounds  were 
quinacrine  and  amodiaquine,  while  8-aminoquinolines  such  as  primaquine  were  in¬ 
effective.  Amodiaquine  (20  pM)  gave  the  highest  protective  index  (3.9),  defined  as 
the  ratio  of  BoNT-mediated  time-to-paralysis  in  the  presence  and  absence  of  drug. 
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Moreover,  20  \iM  amodiaquine  did  not  impair  neuromuscular  transmission.  The 
therapeutic  window  could  not  be  extended,  however,  and  protection  was  lost  if  the 
antimalarial  agents  were  added  >30  min  after  exposure  to  BoNT/A  or  BoNT/B. 

As  is  clear  from  the  above,  strategies  targeting  BoNT  binding  or  internalization 
are  constrained  by  a  narrow  therapeutic  window,  similar  to  that  which  limits  the 
duration  of  antitoxin  efficacy.  However,  none  of  the  inhibitors  of  binding  and  trans¬ 
location  examined  to  date  possess  the  exquisite  potency  or  selectivity  of  antitoxins, 
especially  that  of  the  recombinant  human  mAbs  [61,  152].  For  these  reasons,  it  is 
unlikely  that  pharmacological  inhibitors  of  toxin  intemalization/translocation  will 
play  a  prominent  role  in  future  drug  development  efforts. 


13.4.5  Inhibitors  of  Catalytic  Activity 

The  third  area  for  therapeutic  intervention  is  inhibition  of  the  metalloprotease  activ¬ 
ity  of  the  BoNT  LCs.  This  target  is  potentially  the  most  promising,  since  it  is  not 
limited  by  a  narrow  treatment  window  as  are  antitoxins  or  inhibitors  of  binding  and 
translocation.  In  addition,  the  crystal  structures  of  the  LCs  for  all  known  serotypes 
have  been  solved  [14,  24],  facilitating  the  design  of  antagonists  to  the  active  site  of 
the  LCs.  The  presence  of  a  binding  motif  in  the  LC  of  clostridial  neurotoxins 
and  the  finding  that  Zv3^  is  required  for  neurotoxin -mediated  proteolysis  of  SNARE 
proteins  [204]  suggest  that  three  classes  of  potential  inhibitors  may  be  effective  in 
antagonizing  the  toxic  actions  of  BoNT  LCs:  metal  chelators,  metalloprotease  in¬ 
hibitors  and  exosite  inhibitors  [81,  223]. 


13.4.5.1  Chelators 

Simpson  et  al.  [231]  demonstrated  that  the  Zn^^  chelator  N,  N,  A'A-tetrakis(2- 
pyridylmethyl)ethylenediamine  (TPEN)  caused  a  marked  slowing  in  the  time-to- 
block  of  nerve-evoked  muscle  contractions  when  administered  prior  to  BoNT  in 
phrenic  nerve-hemidiaphragm  preparations.  The  maximum  efficacy  was  equivalent 
to  that  achieved  with  T,  vulgaris  lectin,  ammonium  chloride,  methylamine  hydro¬ 
chloride,  or  the  more  potent  antimalarial  drugs. 

In  common  with  the  above  inhibitors,  TPEN  was  effective  against  all  BoNT 
serotypes  examined.  In  addition,  when  co-applied  with  T  vulgaris  lectin  or  the  ly¬ 
sosomotropic  agents,  the  protection  observed  with  TPEN  was  approximately  addi¬ 
tive  with  that  of  the  former  compounds.  These  results  are  encouraging  since  they 
demonstrate  that,  in  principle,  concerted  inhibition  of  the  different  stages  in  the  pro¬ 
duction  of  toxicity  is  a  viable  strategy  for  managing  BoNT  intoxication.  Sheridan 
and  Deshpande  [216]  examined  a  number  of  additional  chelators  on  nerve-evoked 
twitch  tensions  and  concluded  that  both  a  high  affinity  for  Zn^^  and  membrane  per¬ 
meability  were  required  for  antagonism  of  BoNT. 
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The  efficacy  of  TPEN  in  isolated  nerve-muscle  preparations  suggested  that  it 
may  be  able  protect  mice  against  BoNT-mediated  toxicity  in  vivo.  Thus,  TPEN  was 
injected  prior  to  and  at  0,  2,  4  and  6  h  following  a  2O-MLD3Q  challenge  of  BoNT/A 
or  BoNT/B.  TPEN  prolonged  the  time  to  death  by  2. 1  and  3.3  h  for  serotypes  A  and 
B,  respectively.  Although  TPEN  was  not  able  to  increase  survival,  the  study  clearly 
demonstrated  for  the  first  time  that  an  approach  targeting  the  catalytic  activity  of 
BoNT  via  the  active  site  Zn^^  could  produce  a  statistically  significant  prolongation 
in  the  time-to-death  [6].  The  limitation  of  TPEN  was  considered  to  be  its  high  toxici¬ 
ty;  the  chelator  produced  rapid  lethality  at  doses  above  30  mg/kg  in  mice.  TPEN  was 
also  found  to  be  toxic  in  primary  and  clonal  cells.  TPEN  concentrations  >10  pM 
produced  morphological  alteration  with  characteristics  of  apoptosis  and  necrosis 
[8].  Studies  with  ion  replacement  indicated  that  chelation  of  Zn^^  was  the  proximal 
cause  of  cytotoxicity,  and  examination  of  a  variety  of  chelators  suggested  that  those 
with  high  membrane  permeability  were  especially  likely  to  produce  cell  death  [217]. 

Based  on  these  findings,  metal  chelators  have  little  promise  for  treatment  of 
BoNT  intoxication,  since  the  requirements  for  efficacy  against  BoNT  are  the  same 
ones  that  promote  cellular  toxicity  [6,  7,  217].  These  studies  did,  however,  demon¬ 
strate  that  death  could  be  delayed  by  removal  of  the  active  site  Zn^^  and  suggested 
that  inhibition  of  the  catalytic  activity  in  a  more  targeted  fashion  may  lead  to  a 
practical  therapeutic. 

13.4.5.2  Rationale  for  Development  of  Inhibitors  Targeting  BoNT  LC 

Since  the  toxicity  of  Zn^^  chelators  discouraged  their  further  consideration,  the 
major  emphasis  for  therapeutic  intervention  has  been  focused  on  metalloprotease 
inhibitors.  This  target  was  selected  because  of  the  general  consensus  that  the  toxic¬ 
ity  of  BoNTs  stems  from  the  protease  activity  of  the  LC  [168,  199],  and  that  both 
peptide  and  small-molecule  inhibitors  (SMls)  can,  in  principle,  impede  this  activity' 
[111,  144]. 

The  basis  for  targeting  BoNT  LC  with  protease  inhibitors  is  to  halt  SNARE 
protein  cleavage  and  allow  the  normal  cellular  processes  to  replace  cleaved  frag¬ 
ments  with  intact,  newly  synthesized  proteins  to  promote  recovery  of  function  [97]. 
Moreover,  since  the  time  course  of  BoNT  intoxication  is  relatively  long,  and  the 
LC  persists  in  a  catalytically  active  state  for  much  of  this  time  [10,  12,  1 29]  ([  128], 
Chap.  9),  the  LC  remains  an  appropriate  target  for  inhibitors,  whereas  the  binding 
and  translocation  domains  lose  their  relevance  as  therapeutic  targets  soon  after  the 
onset  of  intoxication  [229]. 


13.4.5.3  Rationale  for  Focusing  on  High-Affinity  Inhibitors 

BoNT/A  represents  a  significant  biowarfare  and  bioterrorism  threat  [26]  owing  to 
two  fundamental  traits:  its  unusually  high  potency,  with  less  than  0.1  pg  capable 
of  causing  paralysis  and  death  in  humans  [113],  and  its  long  duration  of  action 
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following  severe  intoxication  [65,  238,  243].  After  exposure  to  a  supralethal  dose 
of  BoNT,  treatment  with  1  pM  of  a  relatively  potent  LC  inhibitor  drug  of  K^=  1  pM 
would  lead  to  inhibition  of  only  50%  of  LC  active  sites,  even  if  the  compound 
exhibited  ideal  solubility  and  membrane  permeability  characteristics.  If  a  tenfold 
increase  in  drug  concentration  to  10  pM  increases  inhibition  to  90%,  the  remaining 
10%  active  LC  may  still  be  sufficient  to  maintain  paralysis.  This  is  inferred  from 
findings  that  paralysis  in  skeletal  muscle  requires  cleavage  of  only  a  small  fraction 
of  SNAP-25  [125],  and  it  is  generally  assumed  that  this  can  be  achieved  with  rela¬ 
tively  few  LC  molecules  per  nerve  terminal  (see  however  Simpson  et  al.  [232],  who 
suggests  that  the  process  of  high-affinity  binding  of  BoNT  and  internalization  can 
produce  a  higher  intraneural  LC  concentration  than  generally  assumed).  Extending 
our  argument  further,  if  raising  the  drug  concentration  to  100  pM  leads  to  inhibition 
of  99%  of  protease  activity,  this  may  perhaps  be  sufficient  to  reverse  paralysis,  if 
the  rates  of  de  novo  synthesis  of  SNAP-25,  transport  to  its  presynaptic  location  and 
incorporation  in  the  active  zone  membrane  can  exceed  the  residual  rate  of  SNAP-25 
cleavage  [97]. 

Based  on  the  above,  the  currently  available  BoNT  LC  protease  inhibitors  would 
not  be  expected  to  reverse  paralysis  after  intoxication:  Problems  include  low  po¬ 
tency,  limited  membrane  permeability,  high  toxicity  and  rapid  metabolic  clearance 
relative  to  that  of  BoNT  LC,  especially  that  of  the  more  persistent  serotypes  A,  Cl 
or  B.  Several  peptide  inhibitors  have  attained  submicromolar  Kj  values  for  their  LC 
targets  [209],  but  the  SMIs  discovered  to  date  have  not  generally  reached  compa¬ 
rable  potencies.  The  peptide  inhibitors,  however,  cannot  readily  access  LC  in  the 
nerve  terminal,  so  that  they  too  are  unable  to  antagonize  the  action  of  BoNT  in  the 
target  tissues  [188,  279].  For  competitive  inhibitors,  an  additional  requirement  for 
high  potency  stems  from  the  relative  abundance  of  SNAP-25  in  the  intracellular 
surface  of  the  presynaptic  membrane.  It  has  been  shown  that  BoNT/A  LC,  once 
internalized,  is  localized  to  the  cytosolic  plasma  membrane  within  the  same  subcel- 
lular  compartment  as  its  target,  SNAP-25  [93].  The  for  SNAP-25  as  a  substrate 
for  BoNT/A  LC  is  in  the  range  of  0. 1-1  pM,  depending  on  experimental  conditions. 
If  the  local  concentration  of  SNAP-25  within  the  confined  two-dimensional  space 
of  the  plasma  membrane  is  10  xK^,  the  IC^^  will  occur  at  approximately  tenfold 
higher  concentrations  than  the  Kp  since  the  inhibitor  must  overcome  the  high  local 
substrate  concentration.  This  further  suggests  that  competitive  inhibitors  of  the  LC 
will  need  to  be  of  significantly  higher  affinity  than  those  currently  in  existence. 


13.4.5.4  Peptide-Based  Inhibitors 

Peptide-based  inhibitors  were  the  first  to  be  examined  and  remain  the  most  potent 
in  vitro  inhibitors  of  BoNT  LC  catalytic  activity.  Shortly  after  the  SNARE  protein 
targets  of  the  BoNTs  and  specific  toxin  cleavage  sites  were  elucidated  [36,  203, 
204,  205,  271],  the  requirements  for  substrate  recognition  by  the  LCs  were  system¬ 
atically  investigated.  Schmidt  and  Bostian  [208]  synthesized  a  series  of  short  pep¬ 
tides  based  on  the  SNAP-25  sequence  flanking  the  BoNT/A  cleavage  site  (residues 
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197-198)  and  determined  the  minimal  amino  acid  sequence  required  for  enzymatic 
activity.  These  authors  found  that  short  peptides  corresponding  to  residues  187- 
203  of  the  206  amino  acid  SNAP-25  were  sufficient  for  cleavage  by  BoNT/A  LC; 
truncations  past  the  P7“Arg  or  the  P5'-Met  led  to  significant  reductions  in  activity. 
Additional  work  revealed  that  certain  amino  acid  modifications,  especially  at  the 
P2,  PT,  and  P2'  positions  of  the  peptide,  disrupted  substrate  cleavage  [208].  These 
efforts  led  to  the  development  of  a  series  of  peptide  inhibitors  based  on  the  PI 
through  P6'  residues  of  the  native  SNAP-25  sequence  in  which  four  different  amino 
acids  were  changed  to  Cys  [212].  The  most  potent  of  these  inhibitory  peptides,  Ac- 
CRATKML-amide,  was  found  to  have  a  of  2  pM  and  has  served  as  the  template 
for  subsequent  peptide-based  BoNT/A  LC  inhibitors. 

The  effect  of  Cys  residue  replacement  at  the  PI  position  on  activity  suggests  that 
the  high  affinity  of  Ac-CRATKML-amide  was  a  result  of  the  thiol  group  forming 
a  complex  with  the  active  site  Zn^^,  a  suggestion  later  verified  by  ciystallographic 
data  [224].  In  subsequent  studies,  Schmidt  and  colleagues  modified  the  Cys  group 
to  unnatural  thiol -containing  side  chains  [209].  The  first  observation  made  was  that 
a  single  carbon  separation  between  the  thiol  and  the  carbonyl  group  resulted  in  ap¬ 
proximately  tenfold  higher  affinity  relative  to  that  found  with  a  two-carbon  separa¬ 
tion.  The  resulting  2-mercapto-3-phenylpropionyl  (mpp)-RATKML-amide  peptide 
had  a  Kj  of  330  nM. 

A  second  structure-activity  relationship  (SAR)  study  using  this  same  mpp  group 
coupled  to  amino  acid  chains  of  different  lengths  showed  that  mercapto-peptides, 
when  truncated  from  the  C-terminus  of  mpp-RATKMLGSG,  underwent  a  tenfold 
decrease  in  binding  affinity  if  the  C-terminal  five  residues  (MLGSG)  were  removed. 
An  additional  tenfold  reduction  was  observed  when  a  Lys  residue  was  removed, 
thus  confirming  the  importance  of  the  P5'  and  P6'  residues  in  both  inhibitor  and 
substrate  binding  [209].  The  success  of  the  thiol  peptides  as  inhibitors  of  BoNT/A 
LC  led  to  a  similar  approach  for  the  development  of  inhibitors  for  BoNT/B  [176] 
and  for  BoNT/F  [211]. 

Following  publication  of  the  seven  residue  inhibitory  peptides  by  Schmidt  and 
colleagues,  the  scaffold  was  modified  extensively  by  various  investigators.  It  was 
concluded  from  the  crystallographic  and  biochemical  studies  of  peptides-LC  inter¬ 
actions  that  the  active  site  of  BoNT/A  is  large  and  flexible,  and  capable  of  binding 
peptides  with  significant  sequence  modifications,  albeit  with  affinities  ranging  from 
mid-pM  to  mid-nM.  The  most  potent  peptide  inhibitor  of  BoNT/A  thus  far  pub¬ 
lished  was  synthesized  by  Axel  Brunger’s  group  [278],  and  was  also  based  on  the 
Ac-CRATKML-amide  scaffold.  In  their  SAR  study,  13  peptides  were  assayed  for 
inhibitory  activity  with  systematic  modifications  at  the  PI,  P2',  and  P4'  positions. 
The  greatest  increase  in  affinity  occurred  when  the  P2'  Ala  residue  was  changed  to 
the  larger  aromatic  amino  acid  Tip  or  to  the  unnatural  benzothien-3-y  1-alanine  moi¬ 
ety.  Less  significant  increases  in  affinity  were  observed  when  the  PI  residue  was 
changed  to  the  large  dinitrophenyI-2-aminobutanoic  acid,  and  the  side  chain  or  P4' 
Lys  residue  was  shortened  to  2,4-aminobutanoic  acid.  The  effect  of  the  modifica¬ 
tions  was  essentially  additive,  resulting  in  a  value  of  41  nM  [278].  Co-crystals  of 
the  peptide  with  BoNT/A  LC  demonstrated  a  partial  helical  structure  of  the  peptide 
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within  the  active  site  of  BoNT/A  LC.  Comparable  binding  orientations  were  ob¬ 
served  in  a  subsequent  study  with  three  additional  peptides  [279].  Swaminathan 
and  colleagues  made  similar  observations  in  their  co-crystals  of  the  weak  6-mer 
inhibitors  QRATKM  and  RRATKM  juM  and  95  pM,  respectively),  i.e., 

that  the  inhibitor  peptides  adopt  a  more  ordered,  slightly  helical  structure  within  the 
active  site  of  BoNT/A  LC  [  1 3  6] . 

The  Arg  residue  of  the  PL  position  is  critically  important  for  substrate  cleavage 
as  well  as  peptide  inhibitor  binding  affinity  for  BoNT/A  LC,  a  property  unique  to 
this  serotype.  Kumaran  et  al.  [136]  reported  that  poly-Arg  peptides  were  able  to 
inhibit  the  BoNT/A  LC.  This  led  to  a  set  of  four  peptides  with  the  sequence  RRGx, 
where  x  was  C,  I,  L,  or  M.  The  peptides  all  inhibited  the  BoNT/A  LC  with  Kj  values 
slightly  <  1  pM  [136],  Crystal  structures  of  the  inhibitors  with  BoNT/A  LC  revealed 
that  the  N-terminal  Arg  occupied  the  PI  position  and  the  second  Arg  occupied  the 
PL  position,  i.e.,  the  expected  location  of  the  PL  Arg  in  wild-type  SNAP-25. 

When  the  peptide-BoNT  LC  crystallographic  data  are  considered  as  a  whole,  an 
additional  noteworthy  observation  can  be  made:  The  orientation  of  the  Ac-CRATK- 
ML-amide  peptide  within  the  active  site  is  not  the  same  as  in  the  other  peptide 
crystal  structures  [224].  In  the  former,  a  complex  is  formed  between  the  active  site 
Zn^^  and  the  thiol  group  of  the  PI  Cys  residue,  or  more  accurately,  the  sulfenic  acid 
group  [224].  For  all  other  peptide  inhibitor  structures,  the  complex  is  produced 
by  the  backbone  nitrogen  and  carbonyl  oxygen  forming  the  amide  bond  between 
the  PI  and  PL  residues.  Thus,  although  the  Ac-CRATKML-amide  and  the  other 
peptides  adopt  a  partial  helical  secondary  structure  within  the  LC  binding  site,  the 
Ac-CRATKML-amide  is  oriented  one  amino  acid  out  of  register  with  respect  to  the 
other  peptide  inhibitors  (cf.  [279]). 

Other  methods  for  discovering  higher  affinity  peptides  have  included  phage  and 
mRNA  display.  Phage  display  represents  the  earliest  method  for  obtaining  directed 
libraries  of  BoNT  inhibitors  [88].  More  recently,  the  same  technique  has  been  used 
for  the  development  of  camelid  antibodies  targeting  BoNT  holotoxin  [106].  The 
related  mRNA  display  method  achieved  similar  results,  although  the  selection  pro¬ 
cess  was  performed  entirely  in  vitro  and  was  thus  not  dependent  on  expression  on 
the  surface  of  a  biological  entity.  This  technique  identified  peptide  inhibitors  with  a 
five  amino  acid  N-terminal  extension  on  the  parent  CRATKML  peptide,  possessing 
lower  IC5Q  and  Kj  values  for  BoNT/A  LC  than  the  parent  peptide  [273]. 

13.4.5.5  SMIs:  Hydroxamates 

Although  potent  peptide  inhibitors  were  successfully  developed  for  several  BoNT 
serotypes,  the  general  lack  of  stability  and  poor  membrane  solubility  of  peptides 
[258]  has  directed  the  majority  of  BoNT  inhibitor  efforts  toward  SMIs.  The  hy- 
droxamic  acid,  or  hydroxamate  moiety,  is  a  simple  chemical  structure  that  can  form 
stable  complexes  with  Zn^'^  and  is  frequently  found  in  metalloprotease  inhibitors. 
The  small  size  of  hydroxamates  permits  them  to  be  added  to  more  complex  struc¬ 
tures.  In  addition,  hydroxamates  are  uncharged  at  physiological  pH,  allowing  them 
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potential  access  to  the  intracellular  environment.  The  first  study  using  a  hydroxa- 
mate  for  mitigating  BoNT  intoxication  was  performed  by  Deshpande  et  al.  [74]  and 
revealed  no  antagonism  of  hemidiaphragm  paralysis  following  BoNT/A  or  BoNT/B 
exposure.  A  decade  later,  Janda  and  colleagues  performed  a  series  of  systematic 
studies  on  hydroxamates.  In  a  first  step,  Arg-hydroxamate  was  synthesized  and 
found  to  be  a  weak  inhibitor  of  BoNT/A  LC  {K^  =  60  pM)  using  a  66-mer  SNAP-25 
substrate  and  a  truncated  recombinant  BoNT/A  LC  [38];  further  derivations  of  Arg- 
hydroxamate  did  not  improve  potency. 

A  second  study  was  carried  out  using  a  recently  developed  process  to  convert  a  | 
series  of  off-the-shelf  carboxylic  acids  into  hydroxamates  [121].  This  resulted  in  i 
several  compounds  that  were  able  to  inhibit  BoNT/A  LC-mediated  cleavage  of  the 
substrate  SNAPtide®  measured  using  Forster  resonance  energy  transfer  (FRET) 
spectroscopy  [39].  One  of  the  lead  compounds,  /?ara-ch loro-cinnamic  hydroxa- 
mate,  was  further  derivatized  to  yield  12  additional  compounds.  The  most  active 
of  these  was  or//zo-/?ara-dichloro-cinnamic  hydroxamate  (or  2,4-dichloro-cinnamic 
hydroxamate,  DCH),  with  an  of  410  nM. 

An  additional  hydroxamate,  1-adamantane-A-hydroxy acetamide,  was  also  iden¬ 
tified  using  similar  techniques  [54]  In  an  attempt  to  displace  an  active  site  water,  as 
well  as  to  determine  the  importance  of  chirality,  a  hydroxyethyl  moiety  was  attached 
to  the  central  carbon  chain  of  DCH  in  a  stereoselective  manner,  thus  introducing  a 
chiral  center  in  this  hydroxamate  [245],  The  (R)-enantiomer  of  the  molecule  gave 
a  Kj  of  1 60  nM,  fourfold  lower  than  the  (S)  compound  and  twofold  lower  than  the  | 
unsubstituted  DCH.  Additional  hydroxamate-based  inhibitors  with  markedly  differ-  i 
ent  structures  yielded  Kj  values  of  5-6  pM  using  a  similar  SNAPtide  assay  and  trun¬ 
cated  recombinant  BoNT/A  LC  from  List  Biologicals  [253].  A  caveat  for  enzymatic  Ij 
studies  using  truncated  BoNT/A  LCs  is  that  the  absence  of  residues  425  through 
437  at  the  C-terminus  can  make  the  truncated  LCs  more  susceptible  to  SMIs  than 
the  full-length  LC  and  also  more  sensitive  to  variations  in  assay  conditions.  For 
example,  although  DCH  was  initially  reported  to  have  an  IC^^  of  410  nM,  [39]  was 
subsequently  found  to  have  a  much  higher  IC^^  of  59  pM  [49]  or  8 1  pM  [  1 87]  under  | 
different  assay  conditions.  | 

Computer-aided  molecular  design  has  generated  several  novel  parent  struc-  L 
tures  for  BoNT/A  LC  inhibitors.  Using  a  library  of  2.5  million  compounds  and  the  f 
crystal  structure  of  the  BoNT/A  holotoxin  complex  [138],  an  in  silico  screen  was  I 
performed  using  the  cationic  dummy-atom  approach  [179]  to  better  estimate  the  ii 
BoNT/A  active  site  binding  affinity  of  the  compounds  [184].  The  initial  in  | 
silico  screen  yielded  eight  “hits,”  all  of  which  were  screened  in  an  HPLC  BoNT/A 
LC  inhibition  assay  using  a  17-mer  SNAP-25  peptide  as  the  substrate.  One  of  the  I 

eight  compounds,  [5-(4-chlorobenzoyI)-2-phenylthiophene-3-yl]acetic  acid,  pro-  I 

duced  15  %  inhibition  at  100  pM  and  was  selected  for  further  derivatization.  Seven  j 

additional  derivatives,  four  of  which  possessed  hydroxamate  moieties,  were  synthe-  J 

sized  and  tested  but  showed  little  increase  in  activity.  Replacing  4-chlorobenben-  j 

zoyl  with  a  phenyl-indole-carbonyl  group  resulted  in  only  4  %  inhibition  at  1 00  pM.  {■ 

However,  subsequent  addition  of  an  amino  group  to  the  indole  nitrogen  of  the  latter  I 

compound  connected  by  four,  five  or  six  methylenes  resulted  in  96%  inhibition  at  j 
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100  i^M.  The  A^-amino  substituted  phenyl-indoIe-carbonyl-phenylthiophene-3-yl- 
hydroxamate  compounds  were  tested  and  found  to  have  similar  activity,  with  the 
best  compound  giving  a  Kj  of  12  pM  [184].  Addition  of  a  hydroxyl  to  the  phenyl  of 
the  phenylthiophene-3-yl  group  resulted  in  a  threefold  decrease  in  the  Kj,  as  well  as 
complex  inhibition  patterns  at  high  concentrations  [250]. 

Using  this  latest  structure  as  a  scaffold  for  derivatization,  additional  changes 
were  made:  In  two  compounds,  the  hydroxyl  on  the  phenyl-thiophen-3-yl  was 
changed  to  an  amine,  and  in  a  third  compound,  the  hydroxyl  was  moved  from  the 
meta  to  the  para  position  [1 8 1].  At  20  pM,  the  three  compounds  designated  as  H3H, 
F3 A,  and  F4H  inhibited  BoNT/A  LC  activity  by  78, 47  and  82  %,  respectively,  in  an 
HPLC  assay.  Interestingly,  these  three  compounds  showed  some  protective  effect 
against  BoNT/A  intoxication  in  vivo  as  will  be  discussed  in  Sect.  13.4.5.6. 

Based  on  their  success  in  the  development  of  the  phenylthiophenyl  hydroxa- 
mates,  additional  inhibitors  were  synthesized  by  Pang  and  colleagues  using  a  sys¬ 
tem  termed  synthesis-based  computer-aided  molecular  design  (SBCAMD).  In  this 
process,  computer-aided  design  of  novel  derivatives  is  integrated  with  existing  or¬ 
ganic  synthesis  capabilities,  resulting  in  molecular  design  of  compounds  that  can  be 
readily  synthesized  and  tested  for  inhibition  of  BoNT/A  LC  [180].  After  synthesis 
and  assay  of  nine  novel  compounds  of  diverse  structures,  the  most  potent  was  a 
hydroxamate  comprised  of  bis-7-aminoheptyl,  diphenylpropyl,  and  phenylpyrole 
substituents  with  a  Kj  of  760  nM. 


13.4.5.6  In  Vivo  Hydroxamate  Studies 

BoNT/A  is  known  to  have  an  extremely  long  duration  of  action  [129],  a  property 
likely  arising  from  the  ability  of  the  BoNT/A  LC  to  evade  intracellular  degradation 
processes  [255]  ([137],  Chap.  9).  It  is  also  known  that  upon  systemic  exposure  to 
BoNT/A,  the  toxin  can  remain  within  the  vasculature  for  several  days  [115,  139, 
193,  249].  The  protease  inhibitors  will  typically  be  cleared  from  the  body  on  a  tim¬ 
escale  of  hours  to  days,  while  the  target  enzyme  will  in  principle  remain  in  nerve 
terminals  for  months.  Thus,  for  SMIs  directed  against  BoNT/A  LC  protease  activ¬ 
ity,  a  single  dose  administered  at  the  same  time  as  toxin  would  not  likely  result  in 
complete  reversal  of  effects,  due  to  the  considerable  differences  in  pharmacokinetic 
timescale  between  the  two  entities.  Once  the  inhibitor  is  eliminated,  the  LC  will 
continue  to  cleave  SNAP-25,  and  any  observable  improvement  of  paralysis  would 
rapidly  disappear. 

The  typical  experimental  paradigm  used  to  determine  in  vivo  efficacy  of  BoNT/A 
inhibitors  is  to  administer  a  high  dose  of  compound  into  the  tail  vein  of  mice.  Imme¬ 
diately  following,  or  up  to  30  min  after  the  inhibitor  is  given,  animals  are  challenged 
with  a  5-IO-MLD5Q  dose  of  BoNT/A.  Assuming  that  the  pharmacokinetics  of  a  hy¬ 
pothetical  SMI  follow  simple  first-order  clearance  with  a  hypothetical  half-time  of 
6  h,  <  1 0  %  of  the  compound  would  be  expected  to  remain  after  24  h  and  <  1  %  after 
48  h.  If  a  10  pM  (i.e.,  lOxKj)  intracellular  concentration  were  achievable  for  the 
hypothetical  compound,  this  concentration  would  only  exist  transiently,  becoming 
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reduced  to  its  value  within  24  h.  This  would  be  followed  by  recurrence  of  SNAP- 
25  cleavage  and  paralysis. 

With  these  concepts  in  mind,  several  studies  evaluated  compounds  for  protection 
against  supra-MLD^^  doses  of  BoNT/A  with  paradoxical  results.  An  early  example 
of  this  was  a  study  performed  on  the  DCH  compound.  Mice  were  injected  i.v.  with 
0.1  ml  of  a  1-mM  DCH  solution  into  the  lateral  tail  vein  followed  immediately 
with  an  i.p.  injection  of  a  0.5-ml  solution  of  a  S-IO-MLO^^  dose  of  BoNT/A.  Of  31 
mice  injected,  5  survived  the  BoNT/A  challenge  indefinitely  with  no  observable  ill 
effects  [89].  The  other  26  mice  died  with  a  time  course  similar  to  that  of  vehicle- 
treated  BoNT/A-inJected  mice.  This  apparent  protective  effect  of  DCH  would  not 
have  been  predicted  from  cell-based  assays  because  DCH  had  been  reported  to  be 
cytotoxic  in  cellular  models.  An  additional  nonhydroxamate  compound  described 
in  the  study  prolonged  the  time-to-death  by  36%,  with  no  subpopulation  of  mice 
seemingly  unaffected  by  the  toxin,  a  result  much  more  in  line  with  expectations. 

A  comparable  finding  was  reported  by  Pang  et  al.  [182]  for  the  indole  phenyl- 
thiophen-3-yl  hydroxamates  described  earlier.  Increased  survival  was  observed 
in  mice  pretreated  with  2  mg/kg  of  inhibitor  followed  30  min  later  by  i.p.  chal¬ 
lenge  with  5  MLD^q  of  BoNT/A;  five  of  ten  animals  were  alive  24  h  after  BoNT/A, 
whereas  none  of  the  five  vehicle-treated  animals  (DMSO)  were  able  to  survive  5 
MLD^q  of  BoNT/A.  As  with  DCH,  one  of  ten  mice  in  each  compound-treated  group 
survived  BoNT/A  challenge  with  no  signs  of  intoxication  for  up  to  5  days  posttreat¬ 
ment. 

In  the  study  of  Pang  et  al.  [181],  the  pharmacokinetics  of  the  compounds  were 
also  examined.  Following  a  2-mg/kg  i.p.  injection  of  each  compound,  plasma  half- 
lives  were  observed  to  range  from  4.4  to  6.5  h  for  the  three  compounds.  Maximum 
plasma  concentrations  (C^^^)  ranged  from  256  to  738  ng/ml  (0.46-1.32  pM).  Al¬ 
though  the  C^^^  does  not  necessarily  reflect  the  concentration  inside  the  nerve  ter¬ 
minal,  it  is  doubtful  that  the  latter  would  accumulate  the  inhibitor  at  concentrations 
significantly  higher  than  the  C^^^  in  the  absence  of  an  active  transport  or  retention 
mechanism.  Since  these  compounds  were  reported  to  inhibit  47-82%  of  BoNT/A 
LC  activity  at  20  pM  (a  concentration  >  20-fold  higher  than  the  it  is  unlikely 
that  the  compounds  exerted  their  effects  in  vivo  by  inhibition  of  BoNT/A  LC  activ¬ 
ity  in  the  nerve  terminal;  the  more  plausible  hypothesis  is  that  these  hydoxamates 
are  acting  on  toxin  in  the  extracellular  compartment,  i.e.,  by  inactivating  or  increas¬ 
ing  clearance  of  the  toxin  before  BoNT/A  LC  internalization. 

These  results  suggest  a  complex  mechanism  of  action  for  BoNT/A  LC  inhibi¬ 
tors  in  vivo.  Despite  the  demonstrated  inhibition  of  BoNT/A  LC  protease  activity 
in  vitro,  the  pharmacokinetic  and  pharmacodynamic  data  are  difficult  to  reconcile 
with  protease  inhibition  as  the  dominant  mechanism.  The  duration  of  action  of  the 
BoNT/A  LC  is  orders  of  magnitude  longer  than  the  plasma  half-life  for  any  of  com¬ 
pounds  examined,  so  that  long-term  survivors  following  a  single  pretreatment  with 
a  protease  inhibitor  would  not  be  expected  in  animals  challenged  with  multiple 
MLD^q  doses  of  BoNT/A.  Furthermore,  the  concentrations  of  drug  required  for  in¬ 
hibition  of  BoNT/A  LC  in  vitro  do  not  appear  to  be  reached  in  vivo.  Additional 
studies  in  a  true  postexposure  model  in  which  the  inhibitor  can  be  applied  after 
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intoxication  over  an  extended  time  frame  via  multiple  injections  or  continuous  mi¬ 
nipump  infusion  may  help  to  unravel  the  paradox. 

13.4.5.7  Mercaptoacetamides 

In  an  effort  to  develop  additional  scaffolds  for  SMls  of  BoNT/A,  a  mercaptoacet- 
amide  structure-activity  study  was  performed  [163].  These  compounds  were  syth- 
esized  as  an  extension  of  the  work  on  Ac-CRATKML-amide,  which  utilizes  the  free 
thiol  group  of  the  N-terminal  Cys  to  form  a  complex  with  the  active  site  Zv?^.  As 
was  observed  by  Schmidt  and  Stafford  [209],  a  single  carbon  between  the  thiol  and 
carbonyl  groups  was  optimal  for  inhibition.  Derivatives  of  the  phenyl-pyrazole  ring 
resulted  in  multiple  compounds  with  values  <  100  pM,  with  the  three  best  com¬ 
pounds  ranging  from  3  to  7  pM.  These  compounds  were  all  similarly  substituted  at 
the  4-phenyl  position  and  were  active  both  in  rat  primary  cerebellar  neurons  and,  to 
a  limited  degree,  in  a  mouse  phrenic  nerve-hemidiaphragm  preparation  [163]. 

13.4.5.8  Bis-Imidazoles 

Based  on  the  idea  that  imidazole  moieties  readily  form  complexes  with  Zn^^,  Me¬ 
rino  et  al.  [158]  performed  a  series  of  experiments  exploring  bis-imidazoles  linked 
by  carbon  chains  of  varying  lengths.  A  preference  of  linker  chains  comprising  13 
methylenes  was  observed,  with  molecular  modeling  showing  the  dual  imidazole 
groups  spanning  the  active  site  Zn^^  and  Glu54.  Methylene  chain  lengths  of  12-16 
gave  essentially  the  same  percent  inhibition  (maximum  61  %  at  100  pM),  with  chain 
lengths  of  9-1 1  giving  weaker  inhibition.  Furthermore,  the  study  found  that  imidaz¬ 
oles  linked  by  bis-amide-methlylene  chains  had  essentially  no  activity,  suggesting 
that  inhibition  may  have  resulted  from  hydrophobic  interaction  within  the  binding 
site  rather  than  from  efficient  spanning  of  the  Zn^^  and  Glu54  by  the  imidazole. 

13.4.5.9  Multi-Zone  Pharmacophore  Models 

The  initial  attempts  at  structure-activity  studies  in  developing  inhibitors  to  BoNT 
LCs  were  hampered  by  a  lack  of  high-resolution  structural  data  for  the  LCs  com- 
plexed  with  either  native  substrate  or  inhibitor.  Initial  molecular  models  were  built 
using  crystallographic  data  for  the  BoNT/A  holotoxin  [138].  In  an  effort  to  incorpo¬ 
rate  existing  and  emerging  biochemical  data  into  a  structural  model  for  BoNT/A  LC 
inhibitors,  Burnett  and  colleagues  have  developed  a  continually  evolving  pharma¬ 
cophore  comprised  of  multiple  zones  in  which  a  chemical  moiety  is  positioned  in  a 
three-dimensional  (3D)  scaffold  [50,  51].  This  model  has  led  to  the  development  of 
several  distinct  compounds  with  related  structural  motifs. 

The  initial  data  for  the  development  of  the  pharmacophore  model  began  with  a 
screening  of  the  National  Cancer  Institute  (NCI)  Diversity  Set  consisting  of  1,990 
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compounds  composed  of  a  wide  range  of  structures.  Compounds  were  screened  for 
inhibitory  activity  using  the  full-length  recombinant  BoNT/A  LC  [15]  and  a  short 
peptide-based  fluorescent  substrate  [210,  213],  with  the  initial  hits  verified  by  an 
HPLC-based  assay.  A  total  of  21  compounds  were  studied  [47].  Two  compounds 
were  8-quinolinols,  a  known  Zn^^  chelating  compound,  and  the  inhibitory  capacity 
of  these  compounds  was  found  to  be  reversed  by  20  pM  ZnCl2,  thus  disqualifying 
them  from  further  study. 

Subsequently,  Burnett  and  colleagues  examined  existing  libraries  of  NJV-hisil- 
chloroquinolin-4-yl)alkanediamines  and  heteroalkane  diamines  developed  ini¬ 
tially  as  antimalarial  agents  [257].  In  addition,  several  clinically  used  antimalarial 
compounds  were  tested.  Although  most  were  weak  inhibitors  of  BoNT/A  LC  at 
20-50  pM,  several  of  the  “hits”  from  both  screens  were  used  to  develop  their  first 
pharmacophore  model.  In  this  model,  flexible  linkers  of  seven  or  more  intervening 
methylenes  or  amines  allowed  the  two  bisquinoline  moieties  to  fold  into  a  structure 
consistent  with  the  other  compounds,  forming  a  common  pharmacophore  [47].  The 
compounds  Q2-15  and  michellamine  B  were  the  most  potent,  and  an  additional 
series  of  molecular  dynamics  and  docking  simulations  was  performed  using  the 
existing  crystal  structures  of  the  BoNT/A  holotoxin  [138, 214].  The  dynamics  simu¬ 
lations  showed  little  change  in  the  secondary  structure  of  the  BoNT/A  LC,  but  did 
reveal  large  changes  in  the  surface  loops,  referred  to  as  loop  1  (residues  48-78), 
loop  2  (residues  167-180),  and  loop  3  (residues  232-258).  The  contact  points  be¬ 
tween  the  individual  inhibitor  compounds  and  the  structural  model  of  the  LC  were 
used  to  modify  the  pharmacophore  model  [48]. 

The  progression  of  a  molecular  model  is  dependent  on  continual  refinement 
with  biochemical  data.  To  this  end,  the  previously  described  peptide  mpp-RAT- 
KML  was  docked  into  the  active  site  of  the  BoNT/A  LC  crystal  structure  [214]. 
However,  the  authors  found  that  the  docking  orientation  did  not  satisfy  SAR  ex¬ 
periments  previously  published  [209].  In  particular,  the  dramatic  loss  in  activ¬ 
ity  when  the  Arg  was  changed  to  a  Lys  could  not  be  explained  unless  the  loop  1 
residues  48-78  were  reoriented.  When  the  pharmacophore  was  expanded  to  in¬ 
corporate  chemical  moieties  not  included  in  the  initial  model,  several  new  inhibi¬ 
tors  were  found,  with  four  possessing  values  of  3-10  pM.  Three  compounds 
were  observed  by  autofluorescence  to  be  rapidly  taken  up  by  primary  cultures 
of  chick  neurons,  although  two  of  the  compounds  were  cytotoxic  at  low  micro¬ 
molar  concentrations.  One  compound,  NSC240898  (2-(4-(4-(aminoiminomethyl) 
phenoxy)phenyl)-lH-indoIe-6-carboximidamide),  had  a  value  of  4.6  pM  as  de¬ 
termined  by  isothermal  titration  calorimetry  and  was  less  cytotoxic  than  the  other 
compounds.  In  addition,  NSC240898  showed  dose-dependent  protection  of  endog¬ 
enous  SNAP-25  cleavage.  Chick  primary  neurons  were  incubated  for  30-45  min 
with  5^0  pM  NSC240898,  then  for  an  additional  3.5  h  with  10  nM  BoNT/A  in 
the  continued  presence  of  inhibitor.  Densitometric  analyses  showed  a  small  dose- 
dependent  decrease  in  cleaved  SNAP-25.  However,  since  the  toxin  and  inhibitor 
were  co-applied  to  the  cultured  neurons,  the  mechanism  of  action  of  the  inhibi¬ 
tor  cannot  be  differentiated  among  blockade  of  entry,  disruption  of  intracellular 
translocation  or  inhibition  of  the  protease  activity.  Furthermore,  the  authors  used  a 
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much  higher  dose  of  BoNT/A  (10  nM)  than  is  typical  for  intoxication  of  primary 
neurons.  This  could  lead  to  a  very  high  intracellular  copy  number  of  BoNT/A  LC 
requiring  an  inhibitor  concentration  significantly  higher  than  its  Kj  value  to  ad¬ 
equately  block  the  LC  activity  [49]. 

The  pharmacophore  model  was  used  to  reexamine  the  4-amino-7-chloroquino- 
lines  identified  previously  from  bis-quinoline  libraries  [47],  with  the  refined  phar¬ 
macophore  model  used  to  develop  additional  derivatives.  The  authors  replaced  one 
of  the  chloroquinoline  moieties  with  a  congeneric  series  of  cholate  acetates  and 
tris-chloroquinoline,  identifying  three  new  inhibitors  with  values  ranging  from 
3.2  to  17  pM.  As  with  previous  molecular  models,  the  chloroquinolines  fit  into  the 
BoNT/A  LC  subsite  ST,  while  the  cholate  portion  occupied  the  LC  substrate  cleft 
and  positioned  functional  groups  into  subsite  2'  [50].  An  additional  series  of  4-ami- 
no-7-chloroquinolines  coupled  to  steroidal  and  adamantane  constituents  provided 
compounds  with  IC^^  values  of  12-50  pM  for  inhibition  of  BoNT/A  LC.  Linking 
the  cholate  or  the  adamantine  groups  to  the  chloroquinoline  moiety  via  two-  or 
three-carbon  linkers  resulted  in  compounds  with  inhibitory  activity,  whereas  longer 
linkers  or  linkers  possessing  an  amide  bond  had  no  activity,  as  was  also  found  for 
compounds  with  a  second  adamantane  moiety  [240]. 

Continuing  to  expand  on  the  three-zone  pharmacophore  model,  a  4-amino- 
7-chloroquinoline  group  was  added  to  each  end  of  the  existing  aminoiminomethyl- 
phenoxy-phenyl- indole  carboximidamide  of  the  compound  NSC240898,  resulting 
in  an  analog  with  a  of  600  nM  [51].  The  improved  Kj  resulting  from  addition 
of  the  chloroquinoline  group  to  the  existing  amino-phenoxy-phenyl  indole  struc¬ 
tures  led  to  the  hypothesis  of  a  four-zone  pharmacophore  in  which  chloroquinoline 
groups  were  added  to  each  end  of  an  additional  structure  identified  via  the  3D  data¬ 
base  screen.  These  compounds  possessed  values  of  600-900  nM  [175]. 

In  a  departure  from  the  pharmacophore  model,  two  compounds  identified  by 
Burnett  et  al.  [50]  were  used  as  query  structures  to  perform  a  3D  database  search  of 
the  -  270,000-compound  NCI  Open  Repository.  Twenty  “hits”  were  mapped  to  the 
search  query,  of  which  ten  were  available  for  testing;  three  inhibited  BoNT/A  LC  in 
the  standard  HPLC  assay.  Two  of  the  compounds  were  congeners  of  the  query  com¬ 
pounds,  as  would  be  expected  in  a  3D  database  search.  A  third  compound  possessed 
a  fused  four-ring  diazachrysene  scaffold  reminiscent  of  the  cholate  structure  used  in 
their  previous  work,  although  the  diazachrysene  is  aromatic  and  more  structurally 
rigid  than  the  cholates. 

The  three  compounds  produced  40-50%  inhibition  of  BoNT/A  LC  activity  at 
10  pM  and  thus  would  have  presumed  IC^^  values  of  10  pM.  The  authors  also 
identified  several  closely  related  compounds  that  were  not  active,  demonstrating 
the  specificity  of  active  site  fit  required  for  inhibition  and  arguing  against  nonspe¬ 
cific  effects  of  the  compounds.  A  second  query  resulted  in  two  additional  com¬ 
pounds  with  similar  activities  and  unique  structures  [117].  The  l,7-bis(alkylamino)- 
diazachrysene  structure  identified  from  the  NCI  screen  was  further  derivatized  via 
modification  of  the  bis-alkylamino  substituents.  Thirteen  derivatives  inhibited 
BoNT/A  LC  39-73  %  at  20  pM.  Interestingly,  the  compounds  also  showed  activity 
as  both  antimalarials  and  antivirals  [177]. 
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13.4.5.10  Quinolinols 

Using  slightly  different  docking  parameters,  Roxas-Duncan  et  al.  [200]  also  used 
the  NCI  compound  database  to  perform  an  in  silico  screen  for  compounds  capable 
of  docking  into  the  BoNT/A  LC  active  site  based  on  the  unliganded  BoNT/A  LC 
crystal  structure  [214].  The  database  screen  yielded  500  candidate  compounds,  of 
which  100  compounds  that  fit  best  into  the  active  site  were  chosen  for  biochemical 
screening.  Of  these,  seven  inhibited  LC  activity  at  20-200  pM.  An  8-quinolinol 
compound,  NSClOlO,  was  chosen  for  further  study.  Although  NSClOlO  was  the 
most  potent  inhibitor  of  the  group,  it  was  found  to  be  toxic  to  cultured  cells  and 
was  instead  used  to  perform  a  similarity  search  of  compounds  in  the  NCI,  Sigma, 
and  ChemBridge  compound  databases.  An  additional  55  compounds  were  identi¬ 
fied  and  tested  in  the  same  biochemical  assay,  and  the  five  most  active  compounds, 
all  8-quinolinols,  were  chosen  for  additional  study.  IC^^  values  for  the  group  ranged 
from  1.5  to  5.0  pM  when  tested  with  either  the  full-length  or  truncated  BoNT/A 
LCs.  All  five  of  the  compounds  had  significantly  less  cellular  toxicity  despite  being 
more  potent  than  NSClOlO  in  inhibiting  BoNT/A  LC  [200]. 

The  authors  tested  their  hits  in  cell-based  and  muscle-function  assays.  In  the 
former,  Neuro2A  cells  were  completely  protected  from  BoNT/A-induced  cleav¬ 
age  of  endogenous  SNAP-25.  However,  the  assay  was  performed  by  preincubating 
BoNT/A  holotoxin  with  inhibitor  for  30  min  at  37 °C.  Since  incubations  were  car¬ 
ried  out  before  BoNT/A  was  exposed  to  cells,  it  is  difficult  to  distinguish  whether 
the  effects  are  occurring  inside  or  outside  of  the  cell,  and  thus  it  is  not  clear  if  the 
compounds  have  promise  as  post- intoxication  treatments.  Similarly,  mouse  hemidi- 
aphragm  muscle  twitch  studies  showed  an  apparent  antagonism  of  BoNT/A  activity, 
but  only  when  the  compound  and  toxin  were  incubated  in  advance  of  applying  to 
the  muscle  bath.  The  authors  reported  that  pretreating  cells  or  hemidiaphragm  prep¬ 
arations  with  inhibitor  before  addition  of  toxin  did  not  protect  either  from  BoNT/A 
intoxication  [200]. 

In  a  recent  study,  quinolinols  were  investigated  using  SNAP-25  from  rat  brain 
synaptosomes  as  substrate  for  BoNT/A  LC  [234].  SNAP-25  was  considered  to  be 
more  relevant  than  small  synthetic  peptides  since  the  former,  like  the  natural  sub¬ 
strate,  was  full  length  and  membrane  bound.  Three  compounds  from  the  NCI  and 
ChemBridge  libraries  were  found  to  be  sufficiently  potent  to  transition  to  in  vivo  i 
studies.  One  compound  (NSC  84087)  provided  substantial  protection  of  SNAP- 
25  at  100  nM  and  extended  survival  from  ~  9  h  to  48  h  in  mice  challenged  with  1 

BoNT/A  (5  MLD^q).  NSC  84087  was  equally  effective  when  co-administered  with  J 

BoNT  or  applied  30  min  after  toxin.  NSC  84087  was  somewhat  less  effective  when  I 

animals  were  pretreated  with  inhibitor  for  30  min  prior  to  BoNT  challenge.  These  ? 

results  are  of  considerable  interest,  since  NSC  84087  is  the  first  inhibitor  that  has  ( 

been  found  to  be  effective  when  administered  after  intoxication,  and  greater  than  ? 

fivefold  increase  in  survival  time  is  the  most  dramatic  in  vivo  protection  reported  ij, 

to  date. 
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13.4.5.11  Exosite  Inhibitors 

Recognition  between  BoNT/A  and  SNAP-25  involves  interaction  of  substrate  with 
two  spatially  distinct  exosites  (a  and  P)  as  well  as  with  the  active  site  [42].  Although 
small  peptides  such  as  SNAPtide  (13-mer)  or  the  17-mer  peptide  used  in  inhibitor 
screens  can  be  cleaved  by  BoNT/A  LC,  full  activity  requires  the  presence  of  >66 
residues  (141-206).  This  substrate  requirement  is  unique  for  BoNT  and  generally  not 
seen  with  other  Zn^^-containing  endoproteases  such  as  thermolysis  [190].  The  large 
interaction  area  between  SNAP-25  and  BoNT/A  LC  as  seen  in  the  co-ciystallization 
studies,  coupled  with  the  biochemical  data  indicating  that  full  catalytic  efficiency 
only  occur  when  nearly  all  of  the  interacting  regions  of  SNAP-25  are  present  [201], 
suggests  that  inhibitors  that  bind  tightly  to  exosites  on  the  BoNT  LC  could  poten¬ 
tially  inhibit  substrate  binding  from  outside  of  the  catalytic  site  [81].  These  exosite 
inhibitors  could  be  co-administered  with  an  active  site  inhibitor  to  produce  an  ad¬ 
ditive  effect  that  could  potentially  be  more  effective  than  either  inhibitor  alone.  Al¬ 
ternatively,  the  combination  of  exosite  and  active  site  inhibitors  may  enable  use  of 
lower  concentrations  of  each,  allowing  for  a  reduction  in  off-target  effects. 

Recently,  several  potential  lead  compounds  for  exosite  inhibition  have  been 
identified.  D-chicoric  acid,  a  component  of  Echinacea,  was  found  to  be  a  noncom¬ 
petitive  inhibitor  of  BoNT/A  LC  [223].  D-chicoric  acid  was  also  determined  to  be 
a  noncompetitive  inhibitor  of  BoNT/B  LC,  but  only  if  a  larger  FRET  substrate  was 
used  (58-mer);  no  inhibition  was  observed  with  shorter  substrates,  suggesting  that 
the  longer  substrate  was  required  for  the  chicoric  acid  binding  site.  A  similar  obser¬ 
vation  was  made  when  comparing  SNAPtide  with  a  66-mer  SNAP-25  peptide  as 
substrates  for  BoNT/A  LC;  only  the  latter  was  inhibited  by  chicoric  acid. 

Lomofiingin,  a  broad-spectrum  antibiotic,  was  identified  from  the  Johns  Hop¬ 
kins  Clinical  Compound  Library  of  ~  1,500  compounds,  using  a  high-throughput 
fluorescence  screen.  As  with  chicoric  acid,  a  secondary  biochemical  assay  using 
SNAP-25  (141-206)  demonstrated  lomofungin  to  have  a  of  6.7  pM,  with  clas¬ 
sical  noncompetitive  inhibitor  kinetics  [90].  Additional  experiments  suggested  that 
lomofungin  was  mutually  nonexclusive  in  binding  with  both  DCH  (competitive 
inhibitor)  and  chicoric  acid  (noncompetitive  inhibitor),  thus  revealing  three  distinct 
sites  on  BoNT/A  LC  targetable  with  inhibitors.  These  findings  expand  the  potential 
armamentarium  for  attack  on  the  BoNT/A  LC. 


13.4.5.12  Irreversible  Inhibitors 

Because  of  their  extraordinarily  high  potency  and  long  duration  of  action,  irrevers¬ 
ible  inhibitors  may  be  more  effective  in  antagonizing  BoNT  intoxication  than  com¬ 
petitive  inhibitors.  Although  inhibitors  functioning  via  covalent  modification  have 
the  potential  for  significant  off-target  effects,  an  antagonist  of  sufficient  potency 
and  specificity  could  be  administered  in  lower  doses  for  a  shorter  period  of  time  to 
an  intoxicated  individual  to  mitigate  any  off-target  complications. 
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With  this  in  mind,  Janda  and  colleagues  have  taken  steps  toward  development 
of  an  irreversible  inhibitor  for  BoNT/A  LC  by  replacing  the  hydroxamate  moiety 
of  DCH  with  either  a  cyclopentenedione  or  a  maleimide  group  [54].  To  assay  for 
inactivation  of  the  LC,  different  concentrations  of  compounds  were  incubated  with 
BoNT/A  LC  for  fixed  time  intervals.  The  enzyme-inhibitor  mixture  was  diluted 
100-fold  with  10  pM  SNAP-25,  and  aliquots  were  assayed  at  regular  time  intervals. 
Catalytic  rates  were  determined  from  the  HPLC  peaks  of  the  cleaved  9-mer  frag¬ 
ment  at  each  time  point. 

Their  results  demonstrated  enzyme  inactivation  in  cell-free  assays  and  in  a  pri¬ 
mary  neuron  assay  of  SNAP-25  cleavage.  In  each  case,  high  concentrations  of  in¬ 
hibitor  were  required,  and  the  primary  neuron  assay  was  performed  as  a  co-incuba- 
tion  of  the  toxin  with  the  inhibitor.  Thus,  it  is  still  unknown  if  the  compounds  are 
capable  of  reversing  the  effects  of  BoNT/A  after  intoxication.  The  study,  however, 
serves  as  a  proof  of  concept  for  the  potential  role  of  irreversible  inhibitors  in  the 
antagonism  of  BoNT  intoxication. 

13.4.5.13  Natural  Product:  Toosendanin 

Toosendanin  is  a  triterpenoid  compound  obtained  from  the  bark  of  Melia  toosendan 
and  has  been  used  in  traditional  Chinese  medicine  as  an  antiparasitic  agent  and 
agricultural  pesticide.  Toosendanin  was  reported  to  inhibit  BoNT  intoxication  in 
animal  models,  including  nonhuman  primates,  and  to  alter  the  action  of  a  number 
of  ion  channels,  including  the  BoNT/A  translocation  channel  [143,  218].  Based  on 
reports  of  its  efficacy  against  BoNT  in  the  Chinese  literature,  considerable  interest 
has  arisen  in  toosendanin  as  a  potential  BoNT  antagonist  [2,  78].  In  our  laboratory, 
we  have  found  that  toosendanin  was  able  to  antagonize  BoNT/A  intoxication  in  iso¬ 
lated  mouse  phrenic  nerve-hemidiaphragm  preparations  when  administered  at  the 
same  time  or  30  min  before  BoNT/A,  but  not  when  given  30  min  after  BoNT  [2]. 
We  have  also  found  that  toosendanin  is  equally  effective  against  BoNT  serotypes 
/A,  /B  or  /E.  The  absence  of  serotype  selectivity,  coupled  with  its  reported  action 
on  the  BoNT  translocation  channel  [96],  suggests  that  toosendanin  may  be  acting 
on  a  common  step  such  as  slowing  translocation  of  the  LC  into  the  nerve  terminal 
cytosol.  Current  efforts  are  focused  on  examining  analogs  of  toosendanin  to  shed 
more  light  on  its  mechanism  of  action. 


13.4.5.14  Insulin-Like  Growth  Factor 

Intoxication  by  BoNT/A  leads  to  flaccid  paralysis  that  can  last  for  many  months, 
leading  to  extensive  remodeling  of  neuromuscular  junction.  Recovery  is  delayed 
by  the  continued  persistence  of  BoNT  LC  proteolytic  activity  [129],  the  inability 
of  newly  formed  nerve  sprouts  to  innervate  the  original  endplate,  and  the  exten¬ 
sive  loss  of  muscle  protein.  We  have  demonstrated  that  injection  of  the  insulin-like 
growth  factor  1  (IGF-1)  in  BoNT/A-paralyzed  rat  extensor  digitorum  longus  (EDL) 
muscles  led  to  marked  improvements  in  twitch  and  tetanic  tensions  (Fig.  13.3)  and 
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Fig.  13.3  Extensor  digitorum  longus  (EDL)  muscles  were  injected  locally  with  5  mouse  intra- 
peritoneal  median  lethal  dose  (MLD^q)  of  botulinum  neurotoxin  serotype  A  (BoNT/A)  (15  pi)  at 
day  0,  followed  by  local  injections  of  insulin-like  growth  factor  I  {IGF-1)  {blue)  or  saline  (red) 
twice  per  week  for  30  days  in  the  same  muscle.  At  the  end  of  this  time  period,  muscles  were  tested 
in  situ  for  twitch  (0.033  Hz)  and  tetanic  (50  Hz)  tensions  following  stimulation  of  the  peroneal 
nerve.  Injection  volumes  of  IGF- 1  or  saline  were  50  pi.  In  the  absence  of  IGF- 1,  muscle  tensions 
(twitch  and  tetanic)  recovered  to  only  -20%  of  control  at  30  days,  but  increased  to  more  than  50% 
of  control  in  IGF- 1 -treated  muscles.  These  differences  were  highly  significant  (*/?<  0.001).  The 
bars  represent  mean±SEM,  /?-6.  LEDL/REDL  is  the  ratio  of  tensions  in  the  left  EDL  (BoNT/A- 
injected)  to  right  EDL  (control)  muscles 


muscle  mass  compared  to  BoNT-intoxicated  muscles  treated  only  with  vehicle. 
The  mechanism  of  IGF-1  in  protecting  muscles  from  BoNT-mediated  paralysis  is 
unknown.  Possibilities  include  (1)  enhanced  sprouting  of  preterminal  nerve  fibers 
leading  to  hyperinnervation  of  muscles  beyond  the  original  intoxicated  endplate, 
(2)  increased  rate  of  recovery  of  function  at  the  original  endplate  or  (3)  direct  ac¬ 
tions  of  IGF-1  on  muscle  fibers  to  enhance  muscle  mass.  The  data  in  Fig.  13.3  were 
obtained  using  a  locally  injected  model  of  BoNT  intoxication  [5].  Based  on  these  re¬ 
sults,  IGF-1  may  also  be  expected  to  accelerate  recovery  following  systemic  BoNT 
intoxication,  especially  when  combined  with  an  effective  inhibitor  of  LC-mediated 
proteolysis. 


13.5  Conclusions  and  Future  Research 

Substantial  progress  has  been  made  in  transitioning  from  the  traditional  toxoid  vac¬ 
cine  for  BoNT  intoxication  to  the  development  of  safe  and  effective  recombinant 
products.  The  major  challenge  is  no  longer  our  ability  to  produce  improved  vaccine 
products  but  in  selecting  the  appropriate  population  to  be  vaccinated  and  in  meet- 
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ing  the  enormous  cost  of  producing  vaccines  to  cover  all  serotypes  and  relevant 
subtypes.  During  the  past  several  years,  HBAT,  the  new  despeciated  heptavalent 
equine  antitoxin,  has  become  available  and  achieved  licensure  by  the  US  FDA  in 
2013.  Compared  to  previous  antitoxins,  HBAT  is  expected  to  be  safer  and  less  reac- 
togenic,  and  an  adequate  supply  will  be  available  in  the  SNS  to  meet  all  contingen¬ 
cies.  Next-generation  antitoxins  derived  from  mixtures  of  mAbs  are  in  development 
and  represent  a  stable  source  with  a  superior  biological  half-life. 

Efforts  to  develop  pharmacological  inhibitors  of  BoNT  have  increased  substan¬ 
tially  during  the  last  decade.  The  major  focus  of  the  current  research  is  the  design 
and  synthesis  of  specific  metalloprotease  inhibitors.  Early  drug  discovery  efforts 
were  hampered  by  the  lack  of  information  on  targets  and  the  absence  of  the  struc¬ 
tural  information  on  BoNT.  Current  research  has  been  aided  enormously  by  the 
availability  of  precise  structural  information  and  by  knowledge  of  the  mechanism  of 
LC-mediated  proteolysis  of  SNARE  proteins  [42,  60,  136].  Results  to  date  indicate 
that  a  number  of  SMI  and  peptide  inhibitors  are  effective  in  inhibiting  BoNT  LC- 
mediated  protease  activity  in  cell-free  in  vitro  systems  [38,  39,  49,  89,  184,  246]. 

Development  of  safe  and  effective  metalloprotease  inhibitors  with  in  vivo  effi¬ 
cacy  will  no  doubt  be  difficult,  but  the  data  with  new  quinolinol  compounds  are 
encouraging  [234].  Some  of  the  challenges  involve  targeting  of  drugs  to  the  nerve 
terminal,  ensuring  their  access  to  the  intracellular  compartment  and  increasing  the 
persistence  of  the  drugs  to  match  the  duration  of  the  toxin  [89,  108, 276].  In  addition, 
different  inhibitors  may  be  needed  for  each  serotype,  requiring  multiple  parallel  ef¬ 
forts.  A  more  complete  characterization  of  BoNT  receptors  and  a  better  understand¬ 
ing  of  the  internalization  process  have  recently  become  available  and  will  aid  in 
accomplishing  these  objectives  by  refining  drug  delivery  methodologies  [58,  123]. 

It  may  also  be  necessary  to  accelerate  the  removal  of  truncated  SNARE  proteins 
from  the  nerve  terminal,  to  introduce  noncleavable  SNARE  analogs  for  a  more 
rapid  recovery  [178]  and  to  accelerate  degradation  of  BoNT/A  LC  by  the  ubiqui- 
tin~proteosome  system  [  255]  ([137],  see  also  Chap.  9  this  volume).  The  latter  may 
be  especially  relevant  for  treatment  of  intoxication  by  persistent  serotypes  such  as 
BoNT/Aand  BoNT/B  [10,  97,  128,  129]. 

Other  approaches  such  as  combinations  of  channel  blockers  and  Ca^^  channel 
activators  appear  to  be  promising  for  eliciting  rapid  reversal  of  paralysis  following 
intoxication  by  BoNT/A  [13].  Finally,  growth  factors  such  as  IGF- 1  can  increase  the 
rate  of  recovery  and  their  use  would  be  particularly  useful  following  intoxication  by 
the  more  persistent  serotypes.  Progress  made  during  the  last  decade  suggests  that 
pharmacological  treatments  for  BoNT  intoxication  may  soon  be  a  reality. 
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